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Abstract 
The high temperature environment of steelmaking process, offers sustainable pathways for 
utilizing chemical reactions to re-purpose waste materials as resources. The use of waste 
polymeric materials in steelmaking is not only a solution for end-of-life products, which 
currently impose a serious burden on overstretched landfills but it also results in reduction of 
resource consumption and energy saving. This paper presents industrial plant results on the effect 
of the utilization of waste polymeric materials in steelmaking on coke and energy consumption.    

The foaming slag phenomenon is an important criterion through which the effect of waste 
polymeric materials on EAF performance could be studied. The stability of foaming behaviour 
mainly depends upon physical properties of slag and also the size of gas bubbles which are 
generated during the process of reduction. The understanding of the relationship between these 
parameters and foaming is also presented in this paper. 

1. Introduction 
Due to the rise in the cost of raw materials worldwide and the world’s ever increasing appetite 
for steel, steel-making industries are currently under pressure to reduce their negative impact on 
environment. The steel industry accounts for 3-4 percent of greenhouse gas emissions worldwide 
and, on average, for a tonne steel to be produced about 1.7 tonnes of carbon dioxide are emitted 
[1].  

At the same time, waste stockpiles ranging from polymeric materials to agricultural wastes are 
accumulating at a rapidly increasing rate because of the development of new technology and 
economic activity. A significant part of waste generated is plastic and used tyres which are not 
biodegradable and impose a significant and growing waste burden, with the additional 
complication of their potential to leach toxic chemicals into the environment. Of the 
approximately 20 million passenger tyres requiring disposal in Australia every year, only 23 % 
are recycled, 64% go to landfill and the remainder are dumped illegally [2]. In some states in 
Australia, tyres are now banned from landfill sites due to their toxicity. Worldwide, about 1.2 
billion used tyres are thrown away annually and four billion or so waste tyres are currently in 
landfills and stockpiles, posing a risk to human health and the environment.  Needless to mention 
that, such waste materials consist mainly of carbon and hydrogen; elements which are vital in the 
metallurgical industries due to their role as reductants/carburizers. These long chain 
hydrocarbons consist of highly volatile matter with generally low ash content. This gives 
steelmakers an opportunity to use waste streams to source free or low cost raw materials for 
production.  
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High temperature environment of steelmaking provides opportunity for a large scale recycling of 
waste materials without making fundamental changes to manufacturing processes.  The waste 
materials can be re-purposed as resources through chemical reaction via sustainable pathways. 
The potential to implement such novel recycling solutions are not generally available to many 
other materials industries because they operate at relatively lower temperatures, which may not 
be suitable for triggering useful chemical transformations.  

The trend of utilizing waste materials as resources in steelmaking industry not only decreases the 
consumption of depleting valuable resources but also could be considered as a novel recycling 
solution, which transforms problematic waste and reduces the cost of raw materials for the 
steelmaker. 

OneSteel, an Australian-based steel manufacturer, has been actively developing innovative 
process technologies to utilize waste materials such as end-of-life tyres and post-consumer 
plastics as an alternative carbon unit in EAF steelmaking. In  close co-operation with the SMaRT 
Centre, University of New South Wales (UNSW), OneSteel has developed and commercialized 
Polymer Injection Technology (PIT), which enables EAFs to inject blend of coke and rubber in 
place of coke, resulting in improved slag foaming and hence furnace efficiency.  
 
OneSteel has been using PIT as a standard practice since 2008 at its Sydney Steel Mill (SSM) 
and Laverton Steel Mill (LSM) in more than 84,000 heats, consuming over 2.4 million recycled 
tyres in the process. PIT has been granted patent protection in most major industrial countries 
and it has been commercially implemented at UMC Metals, Thailand since May 2011, at SeAH 
Besteel, Korea since April 2014, at Celsa Group’s plant in Cardiff, UK since October 2014 and 
at Celsa Nordic in Norway since December 2015.  
 
The benefits of using PIT, which were statistically proven during the commercial 
implementation trials on each site, are listed in Table 1. This innovation offered an excellent 
opportunity to improve furnace efficiency with a positive impact on the environment through 
energy savings and the transformation of waste streams into value added products.  

Table 1 summary of the benefits of using PIT 

Benefit Area Reduction in Electrical 
consumption (KWh per 

billet tonne) 

Reduction in inject carbon 
(kilograms per heat) 

FeO % 
reduction in slag 

Yield 
improvement 

SSM 2.8 % 12.0% 3.0% 0.30% 
LSM 2.4% 16.2% 2.5% 0.27% 

USA Trial 1.7% 6.3% 2.4% 0.24% 
Asia 1 5.1% 12.0% 2.0% 0.20% 
Asia 2 3.8% 12.0% - - 

Europe 1 1.6% 8.4% 1.5% 0.17% 
Europe 2 
Consteel 

2.1% 7.2% - - 

  

As it can be seen, the incorporation of PIT into OneSteel’s commercial has achieved 12.0 and 
16.2 percent reduction in inject carbon in SSM and LSM, respectively. The incorporation of PIT 
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has also resulted in saving energy through reduction in electrical consumption which was 
reported 2.8 and 2.4 percent for SSM and LSM, respectively. The technology of waste polymer 
injection has also improved the yield of furnaces by about 0.3% and 0.27 % in SSM and LSM, 
respectively.  

The incorporation of PIT also improves the foaminess of the slag, and therefore, furnace 
efficiency.   The foaming slag phenomenon in electric arc furnace (EAF) is known to be an 
important feature which reduces the cost of energy, improves furnace efficiency and stability 
while reduces the sound, vibration and electrode consumption during the process of iron melting 
[3].  Thus an understanding the relationship between the physicochemical properties of slag and 
its foaming behavior is of great significance due to the considerable effect of slag on foaming 
phenomenon. 

In a work reported by Ogawa et. al [4], the mechanism of slag foaming control with 
carbonaceous materials by experiments using a 1-tonne smelting reduction furnace was 
investigated. According to their report, from the X-ray fluoroscopic observation experiment, 
small and large gas CO bubbles, produced by the iron oxide reduction reactions, were both 
present in the foaming slag bath, and the large bubbles due to coalescence of small bubbles rose 
through the foam layer at a relatively high speed and resulted in restraining the foaming of slag.  

The bubble growth and detachment mechanisms from the formation site have been studied. It is 
reported that, at the moment of detachment the main forces acting on the bubble are the 
buoyancy forces, the added mass force and the surface tension as reported by Loubiere et al. [5]. 

In present work three types of slag with different compositions were used to study their foaming 
behavior in reaction with metallurgical coke and coke-rubber and coke-plastic  blends.  This 
work is aimed to investigate the rate of gas generation and size of gas bubbles generated during 
the process of reduction with metallurgical coke and blends and their influence on the stability of 
slag foaming. 

2. Materials and experimental set-up 
The industrial slags from the industrial electric arc furnace were used for the experiments. The 
compositions of slags measured by XRF are shown in Table 2. The slags were crushed and 
sieved into different particle sizes. The particle size used for the experiments was <150 μm. 
Metallurgical cokes and coke-rubber and coke-plastic blends were used as sources of carbon; the 
chemical compositions of the metallurgical coke and coke-rubber blend are shown in Table 3.  
For preparing coke-rubber/ coke-plastic blends, metallurgical coke and rubber/plastic were 
mixed and the blend was then crushed using a jaw crusher to increase the uniformity in particle 
size distribution. Both metallurgical coke and the prepared blend were then compacted without a 
binder in a steel die using a hydraulic pressure of 150 MPa. The prepared compacted blend was 
in cylindrical form in diameter of 20 mm and thickness 3-4 mm. About 0.07 gram of slag was 
placed on top of the blend which was located on an alumina stage.  During the time of heating 
up, the assembly was held in the cold zone of the furnace in order to avoid any reaction that 
could take place at lower temperatures. Once the temperature reached the target temperature of 
1550°C, the assembly was inserted into the hot zone of the furnace. The schematic diagram of 
the experimental set-up has been shown somewhere else [6].    
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The moment that slag started melting was marked the beginning of the contact time. Live in-situ 
phenomena in furnace were monitored using a high resolution camera. Computer processing 
software was used to determine the dynamic changes in slag volume from captured images. The 
slag volume changes which are attributed to formation, entrapment and release of gases were 
then quantified using the sessile-drop slag foaming software and Vt/Vo versus reaction time was 
plotted.  V0 represents the initial volume of the slag droplet.  

Table 2 Chemical composition of slags 
 CaO Fe2O3 Al2O3 SiO2 MgO MnO 

Slag #1 29.6 34.8 8.4 13 9.4 5.7 
Slag #2 24.8 44.4 7.8 11.2 6.7 4.8 
Slag# 3  31.1 33.9 6.1 13.0 10.7 6.2 

 

Table 3 Proximate analysis for all carbonaceous material samples  
 

 Moisture Ash Volatile 
Matter 

Fixed 
Carbon 

Sulphur Hydrogen 

Metallurgical Coke #1  4.6 15.3 3.0 71.5 0.32 1.11 
Metallurgical Coke #2  1.10 12.7 2.1 83.80 1.04 1.83 
Metallurgical coke #3 0 14.2 3.0 82.8 0.3 1.28 

PP/Coke #3 0 16.4 7.8 75.8 0.25 1.04 
PU/Coke #3 0 18.3 8.8 72.9 0.27 1.73 

Rubber/coke #1 blend 1 1 27.8 5.2 57.5 0.54 1.14 
Rubber/coke #1 blend 2 0.9 22.3 5.5 55 0.59 1.4 

 
 
 

3. Experimental results and discussions 
The slag/carbon interaction is a dynamic process with respect to chemical reactions in which the 
composition of the slag is continually changing. The mechanism of the reaction between solid 
carbon and iron oxide present in the slag occurs via intermediate gas. CO gas produced in the 
initial stages of reaction between carbon and slag gets transported through the gas phase and 
reacts with FeO in slag to produce CO2 and metallic iron. This CO2 gets ferried back to carbon, 
where gasification of CO2 to CO takes place via the Boudouard reaction.  

The carbon available in the carbonaceous substrate starts to react with the FeO from the slag.  
CO and CO2 gases are formed and the slag droplet is inflated. The rate of CO/CO2 gases 
generation depends to a great extent on the chemistry of the carbon based material, volatile 
matter and ash content in addition to slag properties and process conditions such as temperature. 
Due to the evolution of the gases, bubbles of different dimensions are formed and then get 
entrapped in slag droplet for certain period of time which depends on gas bubble size and the 
physicochemical properties of the reacting slag. The rate of gas evolution is one of the main 
factors affecting the phenomenon of gas entrapment. If the rates are too high, then the increased 
gas velocity leads to lower level of slag foaming volumes.  
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3.1 Effect of the rate of gas generation on slag foaming 
The rate of gas generation as a result of interaction between slag and carbonaceous materials 
plays a significant role in slag foaming phenomenon. Three types of metallurgical coke (coke #1, 
#2 and #3) and the blends of coke # 1 with rubber and coke #2 with two types of polymeric 
materials- Polypropylene (PP) and Polyurethane (PU) were used in this work to study the effect 
of the rate of gas generation on slag foaming.   

Infrared off-gas analyser (IR) was used to analyse gas generated from the blank substrates of 
100% coke #1 and coke #2. Figure 1 shows the results obtained from analysing gas released 
during the process of heating coke #1 and coke #2 in argon at 1550 oC. It is seen clearly from 
Figure 1, in the case of coke #1, CO generated was almost double the value for coke #2 
indicating that coke #1 had the capability of releasing higher amount of gas with high rate 
compared to coke #2. Given that the rate of gas generation in the case of coke #1 was much 
higher than coke #2, these cokes are expected to behave differently in terms of slag foaming 
phenomenon.   

 

Coke #1 

 

Coke #2 

  Figure 1: Gas generation from blank coke #1 and coke #2 in argon at 1550 oC as a function of 
time 

 

 
Coke #1 

 

 
 
Coke #2 

Figure 2:  Slag foaming (volume ratio) results for coke #1 and coke #2 at 1550 oC as a function 
of time 
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Figure 2 illustrates the slag foaming results of slag #1 in reaction with coke #1 and 2 through 
Vt/V0 variation versus reaction time.  In the case of coke #2, in 25 seconds, Vt/V0 ratio reached 
its highest value, after which it started decreasing. However in the case of coke #1, the volume of 
slag droplet decreased gradually over reaction time.      

The poor foaming behaviour of coke #1 compared to coke #2 could be attributed to its high rate 
of gas generation. When the flow rate of gases evolved from the substrate is very high, a fast 
passage and escape through the slag occurs. Thus less gas remains entrapped in the slag, and a 
poor foaming behaviour is expected to be observed. On the other hand, very low gas flow rate 
also results in poor slag foaming due to the lack of generation of sufficient gas. Therefore it is 
important to control the rate of gas generation and keep that standing in the optimum range.    

The reaction between slag #3 and coke #3 and blends of coke #3 with two types of polymeric 
materials- Polypropylene (PP) and Polyurethane (PU) at 1550 oC was also investigated. The slag 
foaming results for PP/Coke #3 and PU/Coke #3 compared to coke #3 are represented through 
the volume ratio (Vt/V0) variation as a function of time in Figure 3.   

 
 

Figure 3:  Slag foaming (volume ratio) results for PP/Coke #3 and PU/Coke #3 blends compared 
to coke #3 at 1550 oC as a function of time [7]           

While the blend of polymer PU with coke #3 showed better slag foaming, slight improvement 
was observed in slag foaming of PP-coke blend at final stages of reaction.  
Rates of gas (CO+CO2) generation during the reaction of slag and coke #3-plastic blends at 1550 

oC are illustrated in Figure 4.  

 

Figure 4: Gas generated (CO+CO2) as a result of interaction of slag #3 with coke #3 and 
PP/coke #3, PU/coke #3 blends [7] 

8



 

Coke #3 showed a higher rate of gas generation compared to the polymer containing blends. The 
rates of the gas generation decreased when the plastic containing blends were used. This is 
possibly due to the fact that some of the carbon and volatile matter in plastic/coke blends had 
been partially removed during the combustion in the DTF, and thus there was less carbon left in 
the char to react with liquid slag compared to the case of coke.  

From this result it could be interpreted that very high and very low rate of gas generation results 
in a poor foaming behaviour. It can be seen from Figure 4, in the case of 100% coke #3 ([3] 
coke in Figure 4), the rate of gas generation was very high which resulted in a fast escaping of 
gas from the slag droplet and therefore a poor foaming behaviour was observed. On the other 
hand, gas generation for the case of PP-coke blend ([1] in Figure 4) was very low which had a 
negative effect on slag foaming. The improvement in foaming behaviour of PU-coke blend could 
be attributed to the rate of gas generation which was standing in optimum range ([2] in Figure 
4].  

The effect of gas generation from the interaction between rubber/coke #1 blends and slag #1 on 
foaming phenomenon was also studied. Figure 5 illustrates the results of slag foaming for coke 
#1 and blends #1 and #2 through Vt/V0 versus reaction time. Gas generated during the process of 
reduction of coke #1 and blends with slag #1 is also shown in Figure 6. The rate of gas 
generation increased when coke #1/rubber blends were used compared to coke #1 alone. 

It can be observed in Figure 5, when the rubber proportion in the blend increased as in the case 
of Blend 2, the volume ratio decreased compared to Blend 1. It can be concluded that increasing 
rubber proportion in mixture improved slag foaming behaviour. However, this trend continued 
up to particular proportion of rubber, after that, increasing rubber proportion in the blend leads to 
a poor slag foaming performance as we see well in the case of blend [2], which is attributed to 
the higher gas flow rate from the coke/rubber blend (Figure 6). Therefore it is important to keep 
the balance between rubber and coke ratio in order to have the rate of gas generation at optimum 
levels. 

 

 

Figure 5: Carbon/slag interaction for metallurgical coke/slag and Blend 1, Blend 2/slag system 
at 1550 oC: volume ratio (Vt/V0) as a function of time [6]  

9



 

Figure 6: Gas generated as a result of the interaction of the slag with coke and rubber/coke 
blends [6] 

 

3.2 Effect of bubble size on slag foaming 

The experimental result on slag foaming for industrial slags #1 and #2 in reaction with 100% 
metallurgical coke #1 are represented through the volume ratio (Vt/V0) versus reaction time 
(Figure 7). As it can be seen from Figure 7, when metallurgical coke was used the two slags 
showed different foaming behavior. In the case of slag #1, the volume of slag droplet decreased 
gradually over the reaction time, however when slag #2 was used, the volume of slag droplet 
increased to a high level in a short reaction time and then dropped quickly. Given that the same 
carbonaceous materials were used in both tests, the difference in foaming behavior could be 
attributed to the slags chemical composition. 

 
Slag 1 Slag 2 

 

Figure 7 Slags volume ratio (Vt/V0) in reaction with 100 % coke #1  at 1550 °C as a function of 
time 
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The effect of the two types of slag on the reduction and rate of gas geneartion could be clearly 
observed by the analysis of the gas released from the sample.  Figure 8 illustrates the variation in 
total gas generation due slag and coke interaction as a function of reaction time. The 
concentration of CO+CO2 evolved in the case of slag #2 was slightly higher than that in slag #1 
which could be attributed to high content of iron oxide in slag #2 and therefore high generation 
of gas. When the amount of iron oxide in the slag is high, the rate of reduction is expected to be 
greater as the reaction between the iron oxide and carbon is very fast. A high rate of reduction is 
accompanied by a high rate of gas generation.  However, higher FeO content not only increases 
the rate of CO generation, but also lowers the viscosity of the slag, allowing the liquid slag of the 
foam bubbles to drain rapidly resulting in a less stable slag.   

 

 
Slag #1 and coke #1  

Slag # 2 and coke #1 
Figure 8 Variation in total gas generation due to reduction of slags with 100% coke at 1550 °C 

The cross-sections of reduced slags were subjected to the optical microscopy in order to 
investigate size/number of distribution of gas bubbles entrapped within the slag droplet. Figure 9 
shows the optical microscopic images of the cross-sections of reduced slags #1 and #2 in 
reaction with 100% coke #1. In all optical microscopic images white area are metallic iron and 
dark black area are representative of gas bubble entrapped in slag droplet. As it can be seen from 
optical microscopic image of slag #2 reduced with 100 % MC #1 (Figure 9), large gas bubbles 
were formed after 60 second. However in the case of slag #1 with lower content of iron oxide, 
the size of gas was very small and number of gas bubbles was also limited. The variation in total 
gas generation also can prove that the rate of gas generation in Slag #2 was higher. However, the 
small size of gas bubbles in the case of slag #1 could be also attributed to slag physicochemical 
properties. 

11



 

 
Slag #1 

 
Slag #2 

 

Figure 9 Optical microscopic images of slags reduced with 100 % coke #1 at 1550 °C 

In present work coke #1-rubber blends were also used as sources of carbon in reaction with slag 
to study their influence on the size of gas bubbles formed during the process of reduction. When 
metallurgical coke replaced by rubber, the rate of gas generation is expected to be even higher 
due to the release of volatile matters along with the gases produced during the process of 
reduction. With increasing the proportion of rubber in the blend, the rate of gas generation 
increased. Changes of volume ratio (Vt/V0) of slag droplets (#1 and #2) during the process of 
reaction with coke-rubber blends versus reaction time are shown in Figures 10-A and 10-B. The 
optical microscopic images of the cross-sections of reduced slags in reaction with coke-rubber 
blends are also illustrated in Figure 11.  

When coke-rubber blend was used as a source of carbon in reaction with slag #1, the volume 
ratio of slag droplet increased to high level and stayed there for a relatively long period of time 
(Figure 10-A) which implies that not only the rate of gas generation increased, but also the 
generated gas bubbles remained entrapped in the slag droplet for a long time. As it can be seen in 
Figure 11, even with increasing the rate of gas generation in this slag, the size of gas bubbles 
were found to be small. In fact, distribution of large quantity of gas bubbles of small size was 
responsible for high level and stable foaming behavior of slag #1 in reaction with coke-rubber 
blend. It could be interpreted that both rate of gas generation and physiochemical properties of 
slag had influence on the size of gas bubbles and stability of the slag foaming.  
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In the case of slag #2, when coke-rubber blend was used as carbon resource the rate of gas 
generation increased compared to slag #1 (Figure 8) and the size of generated gas bubbles were 
large (Figure 11). However, such large gas bubbles escaped from the slag droplet in a short 
reaction time which resulted in destabilizing the foamy layer. It can be seen from Figure 10-B 
the volume of slag droplet soared to a high level in a very short reaction time and then dropped 
quickly.   

 

 
A 

 
 
B 

Figure 10  Volume ratios (Vt/V0) in reaction with coke-rubber blend at 1550 °C (A) for slag  #1 
and (B) slag #2 

It is reported in numerous literatures [8,9] that the size of gas bubbles formed during the process 
of reduction have influence on the stability of foamy layer. Depending upon the chemistry and 
surface tension of slag, the size of gas bubbles will change and based on the number and size of 
gas bubbles formed within the slag their entrapment extent could vary. Several authors correlated 
the surface tension of slags with the gas bubble diameter in the slag droplet. Ogawa’s model [4] 
stated that with increasing surface tension, the critical bubble size increases. 

 Bubble bursting phenomena in gas/metal/slag systems was studied by Han and Holappa [10] and 
it was shown that with increasing surface tension the mass ejection of gas bubbles increased. 
According to their work, large gas bubbles were travelling through the slag phase. When a shear 
flow propagates down the walls of the collapsing bubble cavity drawn by surface tension and a 
vertical motion occurs. Thus, with increasing surface tension the driving energy and wave speed 
will increase resulting in a more energetic system.  

Many studies have been carried out in order to measure surface tension of different oxide 
systems. In present work, the slags could be assumed as pseudo- binary CaO-Fe2O3 system in 
which the effects of other oxides are negligible. The surface tension of CaO-Fe2O3 system has 
been measured in researches carried out by [11-15], however the results of all researchers are not 
consistent. According to the results reported by majority of reporters [11-14], slag in 
composition similar to slag#2 is expected to have higher surface tension. 

The smaller size of gas bubbles formed in slag #1 could be attributed to its lower surface tension. 
With increasing the rate of gas generation due to the use of coke-rubber blends as source of 
carbon in reaction with such slag, the size of generated gas bubbles remained small which 
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implies that the physical property of the slag and its surface tension had a more significant 
influence on the size of gas bubbles than the rate of gas generation. The higher surface tension of 
slag #2 resulted in generation of larger gas bubbles which escaped from the slag droplet in a 
short time after being formed and therefore lead to a poor foaming behavior.   

 

 
Slag #1 
 

 
Slag #2 
 
Figure 11 Optical microscopic images of slags reduced with coke-rubber blend  at 1550 °C as a 
function of time  

4. Conclusions 
Three industrial slags and three metallurgical cokes were used to investigate the effect of the rate 
of gas generation and physicochemical property of slags on foaming behaviour. Iron oxide 
content in slag #2 was higher compared to slag #1. The gas-entrapment phenomenon of slags in 
reaction with metallurgical coke and coke-rubber and coke-plastic blends were measured at 
temperature of 1550°C in a horizontal tube resistance furnace under argon, using the sessile drop 
approach.  

� The rate of gas generation plays a significant role in slag foaming. Very high rate of gas 
generated during the process of reduction leads to a fast escape of gas from slag droplet 
and a poor foaming behaviour.  Very low rate of gas generated has also negative effect on 
slag foaming. In order to improve the foaming behaviour of slag the rate of gas 
generation should be at optimum levels.   
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� Physicochemical properties of slag have significant effects on the size and distribution of 
gas bubbles generated due to interaction with slag and carbonaceous materials. Higher 
surface tension leads to poor foaming behaviour. 
   

� When coke-rubber blend was used as a source of carbon in reaction with slags, the rate of 
gas generation increased due to removal of volatile matters along with gas produced from 
reduction. The height of foaming in slag #1 increased and it lasted for a longer period of 
time which was attributed to distribution of large quantity of gas bubbles of small size in 
slag droplet. Large gas bubbles formed in slag #2 resulted in poor foaming behavior. The 
large size of gas bubbles formed in slag #2 could be attributed to higher surface tension 
of the slag and also high gas generation due to higher content of iron oxide.  

� For a slag to show a good foaming behavior it is crucial to have an optimum rate of gas 
generation with small size of gas bubbles.  
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Abstract 
 
Since the use of metallurgical slags is of great importance due to its versatile functions at 
high temperatures, comprehensive information is required to optimize the processes in iron 
and steelmaking processes. Primary silica-based slag composition can drastically deviate 
from expected norms by the significant amounts of additional constituents during processes. 
Accordingly, the comprehensive change in the slag composition and viscosity has a dramatic 
impact on the physico-chemical properties of the slags. In the current lecture, special focus 
will be put on the future technology relating the optimization of metallurgical slag 
composition and viscosity to cope with the situation with low quality of materials introduced 
into the metallurgical processes. 
 

Introduction 
 

Molten slags, considered as one of the most important materials in metallurgical processes, 
have been paid significant amount of interests for their physical properties. Among various 
physical properties of slags, the viscosity of blast furnace (BF) and basic oxygen steelmaking 
(BOS) slags were once reviewed by works of Sohn and Min[1], Kondratiev and Jak[2], 
Turkdogan and Bills[3], and Mills and Keene[4].  

One of the early works on the viscosity of the molten slags was performed by Bockris and 
Lowe[5]. Saito et al.[6] measured the viscosity of BF type slags, and evaluate the effect of 
several compositions on the viscosity of the slags. Nakamoto et al.[7] also measured the 
viscosity of molten CaO-Al2O3-SiO2-MgO system, and concluded that the viscosity lower 
than 6 poise at 1673 K is required for BF operation. Shankar et al.[8] investigated the effect 
of basicity and TiO2 contents on the viscosity of CaO-Al2O3-SiO2-MgO-TiO2 slags. The 
effect of FeO, Fe2O3, and K2O was also evaluated by the work of Sukenaga et al.[9] 

Pioneering work of Mills and Keene3 are devoted for the elucidation of physical properties 
of highly basic slags. Seok et al.[10] discussed the viscosity of highly-basic slags, C/S 
varying from 1.4 to 3.76. The slag was considered to be in a solid-liquid coexisting region. 
and the effect of primary solid phase ratio was described by Einstein-Roscoe Equation. Lee et 
al.[11] also discussed the viscous behavior of dicalcium silicate-precipitated slags, and 
suggested the viscosity of the suspension as a function of the activity of solid dicalcium 
silicate.  

Thermodynamic models have also been formulated to identify the molten slag structure. 
The earliest attempt was made by the work of Herasymenko[12], in which the two SiO2 
molecules were assumed to generate one Si atom, and one SiO4

4- tetrahedron. Temkin[12] 
suggested that the entropy of mixing within the silicate melt was determined by the 
permutations among cation and anion sublattices, and that the activity of basic oxide is 
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simply expressed by the product of the activities of free cations and free oxygens. Later, 
Toop and Samis[14] discussed the quasi-chemical interactions between bridging (O0), non-
bridging (O-), and free (O2-) oxygens. Masson[15] proposed the polymer theory in which 
polymerization/depolymerization equilibria exist between silicate polymeric anions. 

Theoretical attempts have also been made for the application of the structural analysis of 
metallurgical slags. Lee et al[11] investigated the viscosity of BF slag system for wider range 
of basicity, and evaluated the effect of basicity and FeO content on the BF slag viscosity 
using FT-IR(Fourier Transform - Infrared Spectroscopy) analysis. The work of Kim et al.[16] 
was also devoted for the elucidation of the effect of MgO and Al2O3 contents on the BF slags 
using FT-IR analysis. Several works[17],[18] were also performed to address the effect of 
alkaline oxides on the structure and viscosity of BF slags. In addition, the effect of TiO2 on 
the BF slag viscosity was investigated by Park et al.[19], together with FT-IR analysis. 

Spectroscopic analysis on the slag structure is contemporarily considered to require 
comprehensive utilization of various analyses such as Raman, XPS (X-Ray Photoelectron), 
and NMR (Nuclear Magnetic Resonance) spectroscopies. Various works are devoted for the 
establishment of the application of Raman spectroscopy[20-24]. Park et al.[19] applied the 
deconvolution of the Raman spectra using the Gaussian function, and semi-quantitatively 
assessed the structure of slags. Han et al.[25] calculated the equilibrium constant of structural 
relaxation using the deconvolution technique of Raman spectroscopy. Jung et al.[26] used 
XPS to distinguish bridging, non-bridging and free oxygen within the slag. Sohn et al.[27] 
also applied XPS for evaluation of the effect of TiO2 on the viscosity of calcium silicate melts.  

The current lecture aims to review the slag design for the optimum operation of 
metallurgical processes. Particularly, the viscous behavior of ironmaking [1],[4],[6-9],[16-18], 
steelmaking [3],[10], and non-ferrous metallurgy slags[28],[29] are critically reviewed.  

 
Viscosity of blast furnace slags 

 
Viscosity of blast furnace slags with several similar metallurgical slags can be described as 

a function of Vee ratio as shown in Fig. 1. General basicity of blast furnace slags lies in C/S 
of 0.6~1.2. Viscosity decreases with increasing basicity while the slope in the figure 
gradually decreases. In the operation temperature range of 1673 to 1823 K, the BF slags show 
viscosity less than 10 Poise, which is generally perceived as critical viscosity for slag tapping. 
The continuous decrease in viscosity with increasing basicity originates from the structural 
relaxation of the slag: As basic oxide is introduced into the melt, the aluminosilicate 
polyanions are depolymerized into the simpler ones. The general equation of structural 
depolymerization is suggested as below:  

    (1) 
Further discussions on slag structure is made in the later of the present section.  
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Fig. 1. Effect of basicity on the viscosity of metallurgical slags. 

 
  The effect of MgO content on viscosity and structure of the typical blast furnace slags is 

described in Fig. 2. As MgO content increases, viscosity of the slag gradually decreases until 
the curve reaches the local minima, generally at MgO content of 7 to 11 %, depending on the 
basicity and Al2O3 contents. Viscosity increases with increasing MgO content after the 
minima. The minima in viscosity coincide with the primary solidification phase transition 
composition from melilite to spinel. From FT-IR spectra, the structural relaxation is 
maximized at 7 % addition of MgO as well. The melt structure at 7 % addition of MgO 
shows the most remarkable SiO4-tetrahedra with NBO/Si = 3+4 bands (850 and 940 cm-1).  

 

 
 

Fig. 2. (a) Effect of MgO addition on the viscosity of blast furnace slag, CaO-Al2O3-SiO2-
MgO-FeO system. (b) FT-IR spectra of CaO-SiO2-12% Al2O3-MgO-5% FeO slags with 

C/S=1.45 
 
Fig. 3 shows the effect of Al2O3 on the viscosity and structure of the blast furnace slags. As 

Al2O3 content increases, viscosity increases continuously. Hence Al2O3 behaves as a network 
former, and consists of AlO4

4- tetrahedral anions. Such an acid behavior of Al2O3 is also 
shown in FT-IR spectra of CaO-SiO2-Al2O3-5mass% MgO-5mass% FeO slags in Fig. 3(b). 
The major FT-IR bands of aluminosilicate structure are asymmetric stretching vibration of 
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AlO4-tetrahedra (720-630 cm-1), AlO6-octahedra (570-520 cm-1) and Si-O-Al bending (500 
cm -1). For blast furnace slag system of CaO-SiO2-Al2O3-MgO-FeO, absorption of SiO4-
tetrahedra ban increases with increasing Al2O3 while that of AlO6-octrahedra is negligible. 
Therefore, despite its amphoteric nature, Al2O3 behaves as an acid oxide and thus network 
former.  
The effect of FeO, Na2O, and K2O on the viscosity of the blast furnace slag is expressed in 

Fig. 4. Increase in FeO and Na2O content leads to the decrease in viscosity, meaning that both 
the oxides behave as a basic oxide over the compositions. The addition of K2O, on the other 
hand, increases the viscosity of the slag, nevertheless K2O is a strong basic oxide. The 
antithetic effect of Na2O and K2O addition is plausibly originated from the difference in 
capability of charge compensation with Al2O3. Both oxides participate in charge 
compensation for Al3+ leading to formation of AlO4

4- tetrahedron. Although Na+ has smaller 
ionic radius (116 pm31) than that of K2O (152 pm), K2O has an advantage in charge 
compensation: Na+, of which coordination number with oxygen is known to be 6 to 832, has 
larger ionic radius than that of octahedral (65.49 pm) and cubic (115.73 pm) packing sites. K+, 
on the other hand, has coordination number of 6 to 12, can spontaneously be packed in close-
packed site due to its smaller radius than close-packed site (158.71 pm). The addition of K2O, 
therefore, increases the portion of tetrahedral aluminate units over octahedral units, increases 
the degree of polymerization of the melt. Such a polymerization increases viscosity as shown 
in Fig. 4(c). Further work is required for the elucidation of the effect of cations on the 
amphoteric behavior of Al2O3. 
 

 
 
Fig. 3. (a) Effect of Al2O3 addition on the viscosity of blast furnace slag systems. (b) FT-IR 

spectra of CaO-SiO2-Al2O3-5% MgO-5% FeO slags with C/S=1.45 
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Fig. 4. Effect of (a) FeO, (b) Na2O, and (c) K2O content on the viscosity of blast furnace 
slag systems. 

 
The temperature dependence of the slag viscosity is expressed in Fig. 5. The viscosity of 

slags rapidly increases as temperature decreases below the certain temperature. The 
temperature is considered a temperature at which solid phase ratio within the melt is 
considerable, and fluid starts to deviate from Newtonian flow: The temperature is defined by 
critical temperature.  
 

 
 

Fig. 5. Temperature dependence of viscosity of CaO-SiO2-Al2O3-MgO- 5mass% FeO 
systems:  (a) C/S=1.45, 14 mass% Al2O3 (b) C/S=1.35, 10 mass% Al2O3 

(c) C/S=1.35, 14 mass% Al2O3 
 

The critical temperature is distinguished from the break temperature, defined by the 
temperature of rapid increase in viscosity in super-cooled glasses. Critical temperature is 
obtained by crystallization within the melt. Temperature is maintained at each measurement 
leading to the crystallization of solid phases. Break temperature, on the other hand, is 
obtained from viscosity measurement with constant decrease in temperature, by which glass 
transition occurs, leading to glass transition within the melt. Han and Min[30] modified the 
Vogel-Fulcher-Tammann equation33,34 to express the temperature dependence of slag 
viscosity by Eq. (3).  

     (3) 

where  is viscosity of pure liquid,  is viscosity of the suspension,  is the activation 
energy of viscous flow, R is the gas constant, and  is empirically obtained critical temperature. 
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Hence, the critical temperature is also defined by the temperature at which the Arrhenian plot of 
viscosity initiates to deviate from linearity as shown in Fig. 6.  
 

 
Fig. 6. Arrhenius plot of viscosity and determination of the critical temperature 

 
  Lee et al.[11] suggested the expectation of critical temperature using theoretical liquidus 
temperature. The theoretical liquidus temperature is calculated from Eqs. (4) and (5) as a 
temperature at which the activity of primary solidification phase, dicalcium silicate, reaches 
unity.  
 

    (4) 

      (5) 

Expanding the work of Lee et al. [11] , the theoretical liquidus temperatures for anorthite- 
and melilite-equilibrated liquids are calculated by Eqs. (6) to (9). Together with dicaclium-
silicate equilibrated liquids, the relationship between theoretical liquidus temperatures and 
critical temperatures is expressed in Fig. 7. The activity of each component is calculated with 
the aid of FactsageTM 7.0 software. 

   (6) 

   (8) 
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Fig. 7. Relationship between theoretical liquidus temperatures, TLQ and critical temperatures, 

TCr. 
 

 
 
 

Viscosity of highly basic slags 
 
Although considerable amount of work has been devoted to address the viscosity of the blast 

furnace slags, the basicity is restricted for lower region. Mills and Keene[3] studied the 
viscosity of binary slags for wider range of basicity. Seok et al.[10] investigated the viscous 
behavior of the metallurgical slag system of CaO-SiO2-FeO-Al2O3-MgO for wide range of 
C/S varying from 1.41 to 3.76. In higher C/S regions, the solidification is inevitable due to 
the extremely high melting temperature of solid dicalcium silicate phase. By adding a 
considerable amount of FeO, the dicalcium silicate-saturated compositions are restrictively 
derived for CaO-SiO2-8mass% MgO-FeO system at 1873 K, and expressed in Fig. 8. The 
slag viscosity increased from 1.4 to 5.1 poises with increasing basicity and FeO content. This 
shows that the slag basicity has a more significant effect on increasing slag viscosity since 
FeO plays a role in decreasing the slag viscosity. In addition, as the slag basicity increases, 
the slag composition might change to the liquid-solid coexisting region where solid phase has 
an effect on the increase in slag viscosity.  
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Fig. 8. Change in viscosity as a function of basicity and FeO content at 1873 K 

 
In order to clarify the effect of slag basicity on viscosity, the viscosities of CaO-SiO2-Al2O3-

FeO-MgO slags were measured, and expressed as a function of slag basicity as shown in Fig. 
9. Viscosity decreases with increasing basicity, as discussed in the previous section, until the 
C/S reaches 1.3. After minima, the dicalcium silicate initiates to precipitate, and the ratio of 
solid phase increases with increasing basicity. Such an effect of basicity cannot be explained 
by the effect of basic oxide on the depolymerization of silicate network, but by the effect of 
basic oxide on the formation of solid phase having higher melting temperature. It can be fully 
understood by a similar shape between the isotherms of composition and phase diagrams 
[35],[36]. Lee et al.[11] quantitatively modeled the viscosity in such a region as a function of 
the activity of dicalcium silicate by Eq. (10) 

   (10) 

 
  

 
Fig. 9. Viscosities of CaO-SiO2-FeO-MgO-Al2O3 slag systems as a function of basicity 
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In order to examine the effect of solid phase fraction on the viscosity below the melting 
temperatures, relative viscosity values with respect to that measured in 1873 K were plotted 
against the mass fraction of the solid phase. The fraction of the solid phase was calculated 
using FactSageTM software as shown in Fig. 10(a). An abrupt increase in relative viscosity 
occurred from mass fraction of solid phase of 17 to 25 %. This indicates that the slag 
viscosity in solid-liquid coexisting region linearly increases with increasing the mass fraction 
of the solid phases until it reaches a certain value. Therefore, it is necessary to evaluate the 
critical value of the abrupt increase in viscosity with solid phase fraction, meaning that the 
mechanism of fluid dynamics can be changed at the composition from Newtonian to non-
Newtonian fluid. 
Einstein-Roscoe equation could be applied for the viscosity evaluation of solid-liquid 

coexisting suspensions as shown in Eq. (11): 
     (11) 

where ,  and  are the viscosity of liquid melt with solid particles, the viscosity without 
solid particles and volume fraction of solid particles, respectively. The constant  can be 
calculated by Einstein-Roscoe plot established in Fig. 10(b). From the inverse proportionality 
between the constant  and the maximum volume fraction of solid phase, , the 
maximum volume fraction of solid phase was calculated to range from 0.26 to 0.36. 
Therefore, the volume of the solid phase less than 26 to 36 % in the entire slag system 
ensures the stable viscous behavior, namely Newtonian flow.  

 

 
Fig. 10. (a) Dependence of the relative viscosity on the mass fraction of solid phases in CaO-

SiO2-MgO-FeO system. (b) Einstein-Roscoe relationship between relative viscosity and 
volume fraction of solid phases 

 
 
 

Conclusions 
 
The viscosity of several metallurgical slag systems was briefly reviewed in view of slag 

design. From the review, the following conclusions were obtained: 
(1) The viscosity of blast furnace slag decreases with increasing slag basicity. MgO and 

FeO behave as basic oxide, resulting in the decrease in the viscosity of the melt, while 
the addition of Al2O3 increases the viscosity of the melt. 

(2) The antithetic trend was observed for the effect of Na2O/K2O addition on the viscosity 
of the blast furnace slags. The difference in the behavior of two alkaline oxide are 
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originated from the difference in ionic radii and coordination number of each cation. 
Na2O tends to depolymerize aluminosilicate structure as network modifier while K2O 
tends to participate in charge compensation of aluminate so that ratio of AlO4

4- 
tetrahedral unit increased. 

(3) The effect of basicity on the viscosity of highly basic oxide shows opposite trend with 
respect to blast furnace slags: Slag viscosity increases with increasing basicity, not by 
structural polymerization so much as the increase in solid phase fraction. The effect of 
solid phase fraction on the slag viscosity was well explained by Einstein-Roscoe 
equation, and critical fraction of the solid phase for Newtonian flow was suggested to be 
26 to 36 %.  
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Abstract 

 
Refractory metals like Mo and V are alloyed in the special steels like heat-resisting, tool, ship and 

pipe steels for the improvement of their physical and mechanical properties. Most of refractory metals 
are refined as by-products in the other metals production processes. Recently, it becomes difficult to 
open new mines up for the environmental pollution issues, and as the results, it pays attention to 
recover them from industrial wastes as Mo and V resources instead of new mines development, 
because these wastes contain higher MoS2 in spent lubricant, MoO3 in oil refining catalysis and V2O5 
in an domestic heavy oil combustion ash than the natural minerals containing them. In the present work, 
it was tried that these refractory metals was recovered as Fe-alloys because more than 80% of 
refractory metals are used as steel alloying elements and the energy consumption for reduction and 
production to Fe-alloys are less than that of pure refractory metals production.  

At first, the recover principal of Fe-Mo alloy from spent lubricant, in which Mo existed as MoS2, 
was experimentally established via their oxidizing roast and reduction processes at 1773K based on the 
knowledge of Cu process metallurgy. The spent lubricant mixed with CaCO3, Fe3O4 and C was 
reduced in a Cgr. crucible at 1773K. The mixed sample melted completely and separated into slag and 
metal phases. 

In the second step, the recovery of Fe-V alloy from V2O5 in the combustion ash of Orinoco tar was 
tried. The ash mixed with CaO and C was reduced in a Cgr. crucible at 1773K. The mixed sample 
melted completely and separated into slag and metal containing vanadium carbide. V was not almost 
observed in slag phase, and it meant that most of V in ash was recovered as vanadium carbides into the 
metal phase. The metal was Fe-Ni alloy. In the present work, Fe-Ni-V-C quo-ternary isothermal section 
phase diagram was experimentally assembled at 1773K.  

As the result, 53.3mass%Fe-42.2mass%Mo-4.3mass%C alloy from spent lubricant and 
37.4mass%Fe-46.4mass%Ni-12.3mass%Si-2.1mass%C alloy - VxCy mixture from Orinoco tar 
combustion ash by the reduction with carbonaceous materials were successfully recovered in the 
present work. 
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Introduction 
 
Rare metals like molybdenum and vanadium are indispensable alloying elements as same as 

nickel and chromium to special steels such as high strength, high-speed tool, heat-resistant and 
stainless steels for improvement of their mechanical properties. These rare metals are supplied 
with raw materials from restricting countries in the world. Molybdenum is produced mainly in the 
United States, China and Chile, and vanadium is provided in large part from South Africa, China 
and Russia.  

There is high risk to be unable for many industrial countries to import these metals when their 
prices are rising dramatically and the resource-producing countries invoke the export suppression 
system. And also, it becomes too hard to develop new mines because of the environmental 
issues on roasting process and wastewater treatment. It is an indispensable issue, therefore, to 
maintain these stable sources of supply for sustainable development of the multifunctional 
capability of steel. 

The present authors[1-5] pay attention to their untouched resources and propose the 
fundamentals of these rare metals recovery from the resources. In concrete terms, the effective 
practical use of the slag discharged from cleaning furnace after matte-making process in copper 
production and the spent lubricant in chemical industry wastes as the sources of molybdenum and 
that of fired ash of oil-coke, Orinoco tar, oil sand and heavy oil as the source of vanadium are 
proposed. If the present proposal technologies are successfully realized, development of new 
mines does not required and it results in the depression of CO2 generation.  

 
Fundamentals of Proposal Rare Metal Recovery from Industrial Wastes 

  
   More than 80% of Mo and V production quantities is used as alloying elements, of which 
contents in steels are less than 1 mass%, for special steel production. Because of their low contents, 
it is quite difficult to recover Mo and V from these alloyed steels with the current technology.  

It is practical to recover Mo and V as Fe-Mo and Fe-V alloys from industrial wastes, in which 
Mo and V are quite highly contained, from the viewpoints of lower energy consumption, economy 
and utility. The pyro-metallurgical process is applied from the same points of view in this paper.  
 
Recovery of Molybdenum  
 
Experimental demonstration for molybdenum recovery from industrial wastes 
   The present target material, which was used for the establishment of molybdenum recovery 
principal from industrial wastes, is slag after removal of matte carried in the cleaning furnace in 
Cu production process shown in Fig. 1.  

The slag contains almost 40-45 mass% T.Fe, less than 10 mass% Fe3O4, 30 mass% SiO2, 5 
mass% (Al2O3 + CaO), 1 mass% Cu and 0.3 mass% Mo.  

On the other hand, Mo ore in its mines contains about 0.6 mass% MoS2 (0.36 mass% as 
metallic Mo). Namely, Mo content in the disposed cleaning furnace slag is comparable to high 
grade Mo ore. It means that a new Mo crude material can easily be procured from open-cut 
accumulated matte cleaning furnace slag without exploitation of new Mo mines.  

The PS2-PO2 diagram on M (M=Cu, Fe, Mo)-S-O system at 1 300 K is shown in Fig. 2. On the 
matte making condition, it is known from Fig.2 that Mo and Fe exist as oxides in the slag. 
Therefore, the location of present investigated slag in the cleaning furnace is indicated as an ellipse 
in Fig. 2. 
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Fig.1 Copper production process 

 
Fig.2 logPO2-logPS2 diagram of Metal-S-O system at 1300K 

 
If the cleaning furnace slag is reduced by carbon at high temperature, FeO and MoO2 in the slag 
will be reduced and it results that Fe-Mo alloy will be produced as shown in Fig.2. 
 
Molybdenum recovery from spent lubricant 
   About 20% of Mo produced in the world is used as catalysts and lubricants, in which Mo is 
existed as MoS2 and MoO3, in the chemical industry. These Mo carriers contain about 10-20 mass% 
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Mo. The recovery of Mo from these wastes is quite attractive as a stable Mo resource. Several 
recycling processes[6-10] of these waste carriers have been proposed on the basis of 
hydro-metallurgy and pyro-metallurgy. For the hydro-metallurgy methods, HNO3 treatment and 
alkali leaching have been reported, where rigorous control technology of pH, solvent density and 
operation temperature is required and also the facilities of Mo solution tank have to be equipped. For 
the pyro-metallurgy methods, lime or caustic soda roasting and chlorination have been reported. But 
it makes large negative impacts on the environment caused by SO2 and S2Cl gas exhaust.  

Therefore, a new Mo recovery technology as Fe-Mo alloy from the spent lubricant by carbon 
reduction with lime stone and iron oxide is proposed and demonstrated to avoid these environmental 
issues in the present authors’ group. [5] 

   
Recovery of Vanadium 
 
Vanadium recovery from Orinoco tar 
   Vanadium natural ore doesn't exist, and it is produced as a by-product of other ores or 
recovered from to petroleum refining catalyst. Recently, crude oil, especially Orinoco tar, 
combustion ash is in the spotlight as V resource. It contains almost 20 mass% V2O5, 15 mass% 
NiO, 20 mass% Fe2O3, 15 mass% SiO2, 10 mass% Al2O3, less than 5 mass% 
(CaO+MO+Na2O+K2O) and 5 mass% C, respectively. 1.2 trillion barrels reserves of Orinoco tar 
are found in 50,000km2 northern region of Venezuela, where the recoverable reserves are 270 
billion barrels. It will be possible to supply the tar for 700 years even if 60 million ton of the tar per 
year is exported.  
   Therefore, the vanadium recovery was examined from the combustion ash with CaO by 
carbon reduction in the present authors’ group.[3]  
 

Experiments 
 
Experimental Methods 
 
Molybdenum recovery from matte cleaning furnace slag 
   In a preparatory experiment for the possibility of Mo recovery from industrial wastes, Mo 
recovery from matte cleaning slag was tried. CaO and Al2O3 were added to Chilean matte cleaning 
furnace slag in order to decrease the melting temperature of the slag after reduction of Fe oxide 
and MoO2 in the slag. The slag composition took aim at the eutectic composition of the slag 
system, which was 6.78 mass% Al2O3, 27.2 mass% CaO, 0.97 mass% Cu2O, 34.64 mass% FeO, 
6.26 mass% Fe2O3, 1.01 mass% FeS, 22.67 mass% SiO2 and 0.3 mass% MoO2. The Mo recovery 
from this slag with a carbon crucible as a reductant was done in Ar atmosphere at 1723, 1773 and 
1823K using the vertical resistance furnace with LaCrO3 heating elements as shown in Fig.3. The 
Al2O3 tube (O.D. 80 mm, I.D. 70 mm and the length of 1 000 mm) was held in the furnace. The 
bottom of the crucible is positioned to the center of the isothermal zone. The slag sample was 
pulled out from the furnace tube with a Mo wire after reduction, quenched by impinging He gas, 
cut and then delivered to the chemical analysis of Fe, Cu, Mo, Si, Al, Ca contents in both phases 
of slag and metal by inductively coupled plasma spectrometry (ICP) and C, S contents by 
combustion infrared detection method (LECO). 
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Fig.3 Schematic experimental apparatus 

 
Molybdenum recovery from spent lubricant 

The reduction of the spent lubricant was carried out in a MgO or a Cgr crucible at 1773K in Ar 
atmosphere for 2 hr using the same reacting system as shown in Fig. 3.   

Fe oxide, lime stone and graphite were added to the spent lubricant, where Fe oxide acts as a 
medium of Mo, lime stone does as flux to gangue mineral in spent lubricant and graphite does as a 
reductant in the reduction process. The composition of the spent lubricant sample after addition of 
CaCO3, Fe3O4 and C was 11.8 mass% SiO2, 25.2 mass% Fe3O4, 26.0 mass% CaCO3, 23.2 mass% 
MoS2, 1.6 mass% Al2O3, 8.4 mass% C and others. 
 
Vanadium recovery from Orinoco tar combustion ash 

The combustion ash of the Orinoco tar, of which composition was 20.53 mass% V2O5, 13.18 
mass% NiO, 18.62 mass% Fe2O3, 15.61 mass% SiO2, 9.80 mass% Al2O3, 0.83 mass% CaO, 1.06 
mass% MgO, 1.36 mass% (Na2O+K2O), 0.22 mass % S, 5.08 mass% C, and others, was used for 
recovery of vanadium in the present authors’ group.3) This ash was mixed with CaO and C powder, 
of which mixing ratio was 78.89 mass% ash, 7.00 mass% C and 14.11 mass% CaO, and 
compacted to a tablet shape. The compacted sample was put in a carbon crucible and heated to 
1773K in Ar atmosphere. After holding for 3hr using the same reacting system as shown in Fig. 3, 
the sample was quenched, cut and analyzed chemically by SEM-EDS/WDS. 

In the next stage, phase diagram experiment on Fe-V-C, Ni-V-C and Fe-Ni-V-C systems was 
carried out. Electrolysis Fe, Ni, and C powder were mixed and compacted to a tablet shape. The 
sample was put on V crumbs in an Al2O3 crucible. After holding for 3hr at 1773K, the sample 
was quenched, cut and observed with SEM-EDS/WDS. 
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Experimental Results 
 
Molybdenum recovery from matte cleaning furnace slag 
   The experimental result is shown in Fig.4. After reduction of matte cleaning slag, the slag 
separated into two phases of Fe-C and slag. The formed slag was in liquid state over 1750K and all 
of Mo in the cleaning slag was participated into 

 
Fig.4 Experiment of Mo recovery from matte cleaning slag by C reduction. 

 
Fe-C phase after C reduction. The Mo content was 0.65 mass%, but 4.3 mass% Cu and 0.05 
mass% S dissolved also in F-C phase. Therefore, it makes clear that Cu must be removed from the 
obtained Fe-C-Mo alloy for practical use. Eventually, Fe-0.65mass%Mo-0.1mass%Cu 
-4.5mass%C alloy was obtained after Cu removal by FeS-Na2S flux in a Cgr crucible at 1673K in 
Ar atmosphere.  
   This result proofed that it was possible to remove Mo from the matte cleaning slag, i.e. 
industrial wastes, by C reduction. 
 
Molybdenum recovery from spent lubricant 
   In case of reduction in a MgO crucible, Fe-37.43mass%Mo-0.09mass%C-6.70mass%S metal 
and 33.88mass%CaO - 51.98mass%SiO2 - 2.07mass%Al2O3 slag phases were obtained. But the 
slag phase contained still 5.04mass%Mo. It means that the degree of reduction was insufficient, so 
it followed the reduction examination using a Cgr crucible. As the result, Fe-42.15mass% 
Mo-4.34mass%C -2.33mass%S metal and 0.51mass%Mo containing 38.12mass%CaO-50.21 
mass%SiO2-1.68 mass% Al2O3 slag phases. 
   The Fe-C-Mo metal composition produced from these three kinds of reduction experiments 
was compared each other in Fig.5. The Mo contents are adequate high as raw materials for special 
steel production. 
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Fig.5 The Fe-C-Mo metal composition produced from industrial wastes 

 
Vanadium recovery from Orinoco tar combustion ash 
   The mixed sample melted completely and separated to Fe-Ni-Si alloy, VxCy and slag phases 
after carbothermic reduction as shown in Fig.6. V was not observed in slag phase, so that V in the 
combustion ash was completely recovered into metal and carbide phases. The composition of 
metal phase was 37.4 mass%Fe-46.4mass%Ni-12.3mass%Si-2.1mass%C-0.7mass%V, and that of 
carbide phase was 71.5mass%V-19.4mass%C-1.6 mass%Ti. 

 
Fig.6 SEM result of Orinoco tar combustion ash after C reduction 

 
Discussion 

 
Mo Recovery Mechanism from Spent Lubricant 
 

Quadruple mass spectroscopy (QMS), differential thermal analysis (DTA) and X-ray diffraction 
(XRD) were also applied to make clear the carbon reduction mechanism of the spent lubricant using 
its simulated samples. CaCO3-MoS2-C, CaCO3-MoS2-Fe3O4-C and spent lubricant-CaCO3-Fe3O4-C 
mixtures were synthesized to observe what kinds of gases and reactions happened during heating 
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process, and they provided for these experiments.  
 
XRD analysis 

The samples were heated up to given temperatures in Ar atmosphere at heating rate of 300K/hr, 
kept for 1hr, cooled down to room temperature at cooling rate of 300K/hr and supplied to XRD 
analysis. The identified phases by XRD analysis of these samples at each temperature are shown in 
Table 1.  
 

Table 1 XRD results of sample mixtures after 1 hr retention at various temperatures 

 
 
Fe3O4 was remained at lower than 1173K, but Fe instead of Fe3O4 was observed at higher than 
1273K. MoS2 was existed at 1173K. However, Mo and Fe formed a sulfide compounds at higher 
than 1273K. In the case of CaCO3-MoS2-Fe3O4-C mixture, the carbide of Fe3Mo3C was observed, 
but it was not observed in case of spent lubricant-CaCO3-Fe3O4-C mixture. The XRD analysis 
suggested that Al2O3, CaO and SiO2 in the mixtures reacted each other even at 1173K and 
produced the stable gehlenite (Ca2Al2SiO7). 
 
QMS analysis 
The evolved gases in the carbon reduction of spent lubricant-CaCO3-Fe3O4-C mixture were 
measured in vacuum at heating rate of 300K/hr by using QMS. The results are shown in Fig. 7. 
CO2 was observed at higher than 773K. The peak intensity increased with temperature and 
reached to the maximum at 973K, then quickly decreased with temperature. The produced CO 
started to increase at around 1173K. Beyond 1323K, most of the evolved gas was found to be CO. 
The species with the mass weights of 12, 14 and 16 were also observed. These species can be 
produced by the fragmentation of the gas molecules during the ionization   process in the QMS 
detector.  In the present study, the mass peak of 32 was found. It could be corresponded to S 
atom. However, its intensity was negligibly small compared with those of CO, CO2 and H2O 
gases. It simply means that S in MoS2 was not gasified on the present experimental condition. 
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Fig.7 QMS result of spent lubricant-CaCO3-Fe3O4-C 

 
DTA analysis 
   The measurement of DTA of spent lubricant- CaCO3-Fe3O4-C mixture was carried out in Ar 
atmosphere at heating rate of 10K/min. The results were shown in Fig. 8. A moderate endothermic 
peak at around 573K and a sharp endothermic peak at 1073K were observed. The previous peak 
corresponds  
 

 

Fig.8 DTA curve of spent lubricant-CaCO3-Fe3O4-C 
 

to the dehydration reaction and the later dues to the CaCO3 decomposition.  At higher than 1200K, 
moderate endothermic curve, which is caused by carbon solution loss reaction, was found. The 
continuous intense endothermic-exothermic peaks were observed between 1473 and 1670K. It 
might be caused by direct and indirect reduction of Fe oxides by C and CO.  
 
Carbothermic reduction mechanism of spent lubricant 
   The reduction mechanism of spent lubricant is deduced from the above-mentioned XRD, 
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QMS and DTA analysis results as follows. 
   The dehydration reaction occurs at around 573K.  CaCO3 decomposes at 1073K.  
 

CaCO3(s) = CaO(s) + CO2(g)                                              (1) 
 

Δ 1
0 = 175930 – 150.69T (J)                                           (2) 

 
The formed CaO reacts with MoS2 and Fe3O4.  
 

MoS2(s) + 3CaO(s) + Fe3O4(s) = CaMoO4(s) + 2CaS(s) + 3FeO(s)              (3) 
                          
The evolved CO2 gas reacts with C by the Boudouard reaction. 
 

CO2(g) + C(s) = 2CO(g)                                                  (4) 
  

ΔG4
0 = 167230  172.2T (J)                                            (5) 

 
Fe3O4 is reduced to Fe by the produced CO.   
 

Fe3O4(s) + CO(g) = 3FeO(s) + CO2(g)                                      (6) 
 

ΔG6
0 = 10610 17.80T (J)                                              (7) 

 
FeO(s) + CO(g) = Fe(s) + CO2(g)                                           (8) 

 
ΔG8

0 = -11570 + 23.0T (J)                                               (9) 
 

The produced CO and Fe will react with MoS2 and CaO. 
 

1.3Fe(s) + 6MoS2(s) + 4CaO(s) + 4CO(g) = Fe1.3Mo6S8(s) + 4CaS(s) + 4CO2(g)     (10) 
 
Fe3O4 is reduced by C in parallel with CO because C is mixed with spent lubricant. 
 

Fe3O4(s) + C(s) = 3FeO(s) + CO(g)                                        (11) 
 

ΔG11
0 =  182270  192.80T (J)                                        (12) 

              
FeO(s) + C(s) = Fe(s) + CO(g)                                            (13) 

 

ΔG13
0 =  154610  153.7T (J)                                         (14) 
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Phase Diagram of Fe-Ni-V-C System 
 

It has been reported that there are many kinds of compounds of vanadium oxides. But the 
phase diagram of Fe-Ni-V-C system has not yet been clear sufficiently. It was, therefore, tried to 
establish the phase diagram in the present authors’ group.3) Based on the result of the chemical 
composition analysis by WDS, the isothermal section of Fe-Ni-V-C system was drawn in Figs. 9.  

 

 
Fig.9 Iso-thermal section of Fe-Ni-V-C phase diagram at 1773K 

 
The present experimental samples of which composition located in L+’VC’ area transferred 

into α(FeV) and  VCx phases during cooling process. Similarly, the samples in L+’VC’+’βV2C’ 
area did into α(FeV), VCx and ‘V2C’ phases during cooling process. The samples in L+’βV2C’ 
area did into α(FeV) and ‘V2C’ phases during cooling process. These agree well with the result 
of Amara et al..[11] But the samples in L+’V’ area did into α(FeV) and ‘V2C’ phases during 
cooling process. This disagrees with the result of Amara et al..[11]  
 

Conclusions 
    

Mo recovery as Fe–Mo alloys from Cu making slag has been investigated by taking into account 
that Mo is mainly used for the resource for Fe–Mo alloy. The Chilean Cu making slag with the 
addition of appropriate amounts of CaO and Al2O3 was reduced by C. As the result, MoO2 in the 
slag was almost fully reduced and Fe–0.6mass%Mo-0.1mass%Cu-4.5mass%C alloy with low Cu 
content could be produced. 

Based on the above-mentioned success of Mo recovery from Cu making slag, the feasibility of 
the recovery of Mo as a Fe–Mo alloy by applying the carbothermic reduction of the spent lubricant 
with the mixture of CaO and Fe3O4 and coke was confirmed.in the present study. The reaction 
mechanism of the reduction of MoS2 was also investigated and the formations of Fe3Mo3C and 
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Fe1.3Mo6S8 during the reduction of MoS2 were confirmed. In the present reduction process, S in 
MoS2 was not gasified and only CO and CO2 gases were produced. On the present experimental 
condition, the MoS2 in the spent lubricant is successfully recovered as Mo resource into 
Fe-42.1mass%Mo-4.3mass%C-2.3 mass%S alloy.  

The spent Orinoco tar combustion ash reduction by C was also examined continuously in the 
present study. As the results, most of V in the ash could be recovered into 37.4mass%Fe 
-46.4mass%Ni-12.3mass%Si-2.1mass%C-0.7mass%V alloy and 71.5mass%V-19.4 mass%C-1.6 
mass%Ti carbide. Fe-Ni-V-C quaternary isothermal section phase diagram was experimentally 
established at 1773K for the clarification of the present successful experimental reduction result.  
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Abstract 
Quartz (SiO2) is the main silicon source for production of metallurgical grade silicon in 
submerged arc furnaces. During heating in the furnace, quartz will first transform to other SiO2

polymorphs, then soften and melt. Volume changes during heating and melting are expected to 
affect for the rate of reactions with SiO2 and gas flow. Industrial quartz sources are investigated 
here with heating rates relevant for industrial furnaces. A method to study softening and melting 
of quartz at conditions relevant for Si-production was developed. Both volume expansion and 
melting properties vary considerably between quartz sources. Theoretical volume expansion is 
22 % and melting temperature 1726 oC. Volume increase up to 40 %, softening temperatures in 
the range 1675 oC to 1800 oC, and melting temperatures in the range 1790 oC to 1900 oC were 
recorded. 

Introduction 
Metallurgical silicon (Si) and ferrosilicon (FeSi) are produced in submerged arc furnaces (SAF), 
where the two main raw materials are quartz and carbon reductants such as coke, coal, charcoal 
and woodchips. For FeSi production iron sources are added. Electrical energy, around 11-13 
MWh/ton alloy for Si production, is another important input factor. The reduction of silica to Si 
takes place by the overall reaction (1). In industrial furnaces, the reactions take place in several 
steps as described by Schei et al. [1]

SiO2 + C = Si + CO ∆Ho
2000

o
C = 687 kJ/mol (1)

The raw materials are fed to the top of the charge mixture where the temperature is around 1000-
1300 °C [2]. Quartz will descend further down and be heated at different rates varying both with 
operation and with distance from the electrodes. For Si furnaces a heating rate of 5.5 oC/min has 
been estimated [3] as normal for most of the quartz. Quartz will react by reaction (2) and (3) to 
form SiO that is further used to produce SiC by reaction (4) in the upper parts of the furnace and 
to produce Si by reaction (5) in the high temperature zone. 

SiO2(s,l) + Si(l) = 2SiO (g) ∆Ho
2000

o
C =  599  kJ/mol (2)

2SiO2(s,l) + SiC (s) = 3SiO (g) + CO (g) ∆Ho
2000

o
C =  1364 kJ/mol (3)

2C(s) + SiO(g) = SiC(s) + CO(g) ∆Ho
1800

o
C =  -78 kJ/mol (4)

SiC (s) + SiO (g) = 2 Si(l) + CO (g) ∆Ho
2000

o
C =  167 kJ/mol (5)

When descending in the furnace quartz will with increasing temperatures first change to other 
SiO2 polymorphs, then soften and melt. Reaction mechanisms and reaction rates are expect to 
change with the change from liquid to solid phase. Formation of liquid SiO2 might in addition 
affect furnace performance by reducing gas permeability and thereby reducing upward gas flow 
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and giving an uneven gas flow in the furnace. The highly viscous molten SiO2 will also glue 
particles together and this may hinder an even flow of materials downwards in the furnace.  

Changes in SiO2 during heating.  
Quartz will at 573 °C (1 atm) change to β quartz by a fast and reconstructive transformation. The 
further transformation to tridymite described in the established SiO2 phase diagram [4], is as 
discussed in [5], debated. Transformation to the high temperature polymorph β cristobalite 
which goes through an amorphous phase is slow. Quartz, amorphous silica and cristobalite have 
been found to occur together in quartz kept for relatively long time at temperatures at 1500 oC to
1700 oC [5,6,7]. The relative amounts vary between different quartz sources. The possibility for 
occurrence of unstable phases must thus be taken into account when melting of silica is 
discussed. Under equilibrium conditions, pure SiO2 will melt at 1726 oC by reaction (6). 
Cristobalite is the stable solid phase at this temperature. Content of common minor constituents 
in quartz, such as Na2O, FeO, CaO and Al2O3 will change the rate of the solid state phase 
transformations [8] and the melting temperature. Liquid phase will then start to form at 
temperature below 1726 oC and liquid and solid will coexists in a melting interval. 

SiO2 (crist, s) = SiO2 (l)    ΔH = 8.46 kJ/mol [9]    (6) 

Quartz at 25 oC has density of 2.65 g/cm3 [10]. This will decrease slightly until β-quartz is 
formed at 573 oC, then increase slightly until tridymite or cristobalite is formed. Cristobalite at 
25 oC has density of 2.20 g/cm3 [10] and a molar volume of 27.4 cm3/mol [11], and at 1726 oC a 
molar volume of 27.6 cm3/mol [11] giving a density of 2.17 g/cm3. Liquid silica at 1400oC has a 
molar volume of 27.20 cm3/mol [12] representing a density of 2.20 g/cm3 while its density at 
1726 oC is 2.08 g/cm3 [13]. Amorphous silica is assumed to have a density between cristobalite 
and liquid silica. Due to this, the volume of quartz will increase with 17 % when it is transformed 
to cristobalite while melting at 1726 oC will give a total volume increase of 22 %. Formation of 
an intermediate amorphous phase may increase the volume changes before melting. At lower 
temperatures, formation of β-quartz might cause some shrinkage. 
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Figure 1 Viscosity of molten silica. Data from 
FactSage. Calculated by Halvor Dalaker and Kai Tang, 
Sintef. 

Figure 2 Viscosities in SiO2 – Al2O3 melts14. 
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Liquid silica has a viscosity, around 2x107 Poise at the melting temperature and will then behave 
nearly as a solid. The viscosity will as shown in Figure 1 decrease rapidly with increasing 
temperature and be around 5x104 Poise at 2000 oC. Other constituents may affect the viscosity as
seen in Figure 2 by the pronounced decrease with low Al2O3 contents. Reactions rates and how 
easily silica drain down in furnace is expected to increase with decreased viscosity.

Investigations and Materials 
Melting behaviour and temperatures were studied with two different methods with different 
scales, 10 mg samples and 0.5 kg samples. The investigations in smaller scale were done in a 
sessile drop apparatus by the method described earlier [4, 6, 5]. Results from these investigations 
are summarized and compared with the current work. The larger scale investigations are done by 
a new method simulating melting in industrial furnaces [15]. This method is still under 
development and only preliminary results are ready. For all the investigations, industrial quartz 
sources supplied by the Norwegian ferroalloy producers Elkem, FeSil and Eramet were used.  

Melting Temperatures and Volume Expansion Investigations by Sessile Drop Apparatus 
Cylinders of quartz with 4mm diameter and height were drilled from lump quartz samples. They 
were placed on an ISO88 graphite substrate and heated in CO first to 900 °C in about 3 min, then 
with the designated heating rate up to the final temperature. Images were recorded and analysed 
visually to determine temperature for Softening - when the shape of the sample has lost the sharp 
edges; Final melting - when the droplet is round, with no artefacts and the Volume change. The 
reported volumes are adjusted for the increased radius when the sample melts and change shape 
from cylindrical to round. Temperature for softening is determined by changes of the outer edge 
of the grain and temperature differences in the quartz particles are thus not taken into account. 
The samples changes gradually and it is difficult to give the exact temperatures and volumes 
with a good precision One test was run for each quartz source. Precision and uncertainty were 
not determined. Examples of mages are shown in Figure 3. 

Figure 3 Recorded pictures of Qz 9 at softening and melting temperature from current investigation. 
 5.5oC/min 10oC/min 
 Start melting Complete melting Start melting Complete melting 

Qz 9 
 

 
1720°C 

 
1825°C 

 
1680°C 

 
1790°C 

In the investigations by Andersen [6], the samples were heated at 50 °C/min to 1500 °C, and 
further at 20°C/min to either 1500 oC or 1700 oC. In the investigations by Ringdalen [5] the
samples were heated with 50 °C/min to 1500 °C, and further with 10 °C/min until final melting. 
In the current investigations, the samples were heated fast up to 1200 oC and further with either 
10 oC/min or 5.5 oC/min up to melting. For quartz Qz 9 and Qz 27 both heating rates were used 
while for Qz 35 a quartz with high content of impurities, only 5.5 oC/min was used. One sample 
of Qz 27 was in addition heated with 5.5 oC/min up to 1700 oC and held at this temperature for 1 
hour. Results from both earlier and current investigations are shown in Table 1. Volume change 
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from current investigations are shown in Figure 4. Results from earlier investigations are shown 
in Figure 5 for comparison.

Table 1 Softening and melting temperatures for quartz from current and earlier investigations. Quartz C-G
from Andersen [6]. Qz1-Qz 11 from Ringdalen [5]. Marked with green from current investigation.

Quartz type Softening oC Melting oC % Max vole 
expansion 

oC for max vol 
expansion 

Heating rate 
oC/min 

C 1790  44 1700 (max temp) 20 
D 1800  14 1700 (max temp) 20
E 1750  39 1700 (max temp) 20
G 1800  21 1700 (max temp) 20

Qz 1 1755 1900 28 1700 10
Qz2 1785 1900 23 1700 10
Qz 3 1790 1900 37 1800 10
Qz 4 1735 1880 20 1880 10
Qz 5 1800 1920 15 1850 10
Qz 6 1600 1880 18 1750 10
Qz 7 1800 1900 35 1800 10
Qz 8 1755 1830 10 1860 10
Qz 9 1775 1800 14 1700 10

Qz 10 1765 1910 32 1850 10
Qz 11 1770 1900 15 1750 10
Qz 9 1720 1825 28 1675 5.5 
Qz 9 1680 1790 27 1625 10 

Qz 27 1705 1820 18 1650 5.5 
Qz 27   21 1700 5.5 
Qz 27 1710 1820 16 1725 10 
Qz 35 1675 1805 43 1650 5.5 
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Figure 4 Volume expansion for Qz 9, Qz 27 and Qz 35 from current 
investigations.
 

Figure 5 Change in volume with 
increasing temperature for Qz1-Qz 11. 
Results from Ringdalen [5]. 
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Melting in Kilogram Scale Simulating Industrial Furnace 
To better simulate softening and melting in industrial furnaces, a method for larger scale tests are 
now under development, started as a project work by Jusnes [15]. The test was done in graphite 
crucible, 40 cm high and with inner diameter of 11.5 cm heated in a 75 kW induction furnace. 
Commercial SiC 0-5 mm was used together with quartz 4.76 - 9.76 mm. A 5 cm thick layer of 
SiC was placed at the bottom of the crucible. Above this was a 10 cm tick layer of quartz mixed 
with SiC in the mol ratio 3:1 with a 5 cm thick layer of SiC for protection and insulation on top. 
Temperature at the top and the bottom of the quartz layer was measured with C-type 
thermocouples. The thermocouple at the bottom of the layer was used for furnace control. 
Heating of a graphite crucible in an induction furnace will give a higher temperature in the 
graphite bottom and a vertical temperature gradient in the crucible. Measured temperature at the 
top of the quartz layer was around 200 oC lower than at its bottom. A radial temperature gradient 
with a slightly higher temperature near the crucible walls is also expected 

Quartz Qz 27 was used in the experiments. The crucible was heated with a rate of 40 oC/min up 
to 1000 oC and further by 5.5 oC/ min up to the predetermined temperature. After cooling, the 
crucible was filled with epoxy and cut in two halves. The cross section through the centre was 
scanned and the relative amounts of unreacted, softened and molten quartz were determined 
based on appearance by using Adobe Acrobat as analysing tool. Cross sections of crucibles 
heated to different temperatures are shown in Figure 6. The marked temperatures refer to the 
temperature at the bottom of the quartz layer in the centre of the crucible. 

Figure 6 Cross sections of crucibles where quartz Qz 27 is heated to different temperatures. The marked 
temperature refers to the temperature at the bottom of the quartz layer in the centre of the crucible [15].  

Examination of the crucibles at the point where the temperature is measured shows that below 
and at 1650 oC, the quartz has not started to soften or melt. It has not decrepitated during heating; 
only a slight cracking is observed. At 1700 oC, softening has just started while at 1750 oC, all 
quartz has softened and at 1800 oC it is molten and has started to react with SiC. The molten 
quartz has not drained down into the SiC below neither at 1800 oC or at 1850 oC.  

Discussion 
Both in the current and in earlier investigations several unexpected phenomena have been 
observed during heating and melting of quartz. 
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� Quartz was not fully molten until it reached a temperature well above the melting 
temperature of SiO2 of 1726 oC 

� Quartz had during heating a volume expansion up to 40 %, which is much higher than the 
expansion of 22% expected from the phase transformations.  

� Different quartz sources show large differences in melting behaviour. 

Melting temperatures 
In earlier  [5,6] and current experiments  different quartz sources heated  in mg scale in  a sessile 
drop furnace started to soften between 1675 oC and 1800 oC, and were fully molten between 
1790 oC and 1900 oC. One quartz Qz 27 was in addition tested with a new larger scale (kg)
method. Softening temperature was 1710 oC in sessile drop and 1700-1750 oC in large scale 
while temperature for complete melting was 1820 oC in sessile drop an 1800 oC in large-scale 
experiments. These two methods then seem to give similar melting temperatures... 

The high measured melting temperatures were assumed to be a result of too high heating rates to 
establish equilibrium. Melting properties were here studied by heating the same quartz source 
with two different heating rates, 10 oC/min and 5.5 oC/min in the sessile drop furnace. The 
highest heating rate gave as shown in Table 1, the highest melting temperature while it was no 
clear trend for softening temperature. When different quartz sources from current and earlier 
investigations are included, recorded softening and melting temperature increase with increasing 
heating rate as shown in Figure 7. The data represents only three different heating rates, several 
quartz sources and shows some overlap. The conclusion are thus so far regarded as indicative. 
Softening and melting temperatures vary between different quartz sources as seen in Table 1.
There is no clear correlation between the observed softening temperatures and content of Al2O3

or alkalis in the quartz. Softening temperature decreases with increasing FeO content as shown in 
Figure 8 if the quartz with highest FeO content are omitted
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Figure 7  Correlation between softening and melting 
temperatures and heating rate. 

Figure 8 Softening temperature versus % FeO. 
 

Contaminants are expected to give a lower softening temperature. The observed deviation from 
this might be a result of quartz and the phases with the contaminants not being in equilibrium.
Mineralogy and texture of the quartz might thus affect melting properties. The observed  higher 
than expected melting temperatures and their dependence of heating rate, indicate that either 
heating or melting of particle  needs longer time to complete than available in the experiments. 
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The high softening temperature might result from either slow heat transfer from gas to solid 
quartz or that the phase transformation from solid to liquid is slow. It is not affected by heat 
transfer in the quartz since it is determined at the surface of the particle. But the observation so 
far is that quartz heated with rates relevant for industrial Si-furnaces, 5-20 oC/min, will not start 
to soften before the temperature reaches or is above  1700 oC and will not be fully molten until 
the temperature reaches 1800-1900 oC.

Volume expansion 
When quartz is heated from room temperature to liquid silica at 1726 oC, its volume will 
theoretically increase with 22 %. Volume increase between 10 and 44 % was observed in the 
current and referred experiments in sessile drop apparatus. The volume expansions shown in 
Figure 5 and Figure 4, increased as expected rapidly around 1400 oC to 1500 oC when 
cristobalite formation takes place. At lower temperatures there are some shrinking due to 
formation of β quartz. The volumes reached their maximum around 1650 oC to 1800 o C and 
decreased with further temperature increase. Maximum volume expansions were reached at 
temperatures lower than the melting temperature. Increased heating rate, from 5.5 oC/min to 10 
oC/min, gave a lower volume expansion as shown in Figure 4. The major differences in volume 
expansion are between different quartz sources independent of heating rate. Volume expansion 
for the two parallels of Qz 27 heated by 5.5 oC/min are close, indicating that the observed 
difference with heating rate is reliable. The decrease in volume at high temperatures has not been 
studied here. It might be caused by formation of SiO gas or by flow of partly molten phase into 
the substrate.  

The observed volume expansions were not correlated with softening temperature or % Al2O3, % 
FeO, or % alkali. The large spread is illustrated by % alkali in Figure 9. Andersen [6] found 
highest cristobalite/quartz ratio in the quartz with highest volume expansion at 1700 oC. 
Ringdalen [5] determined amount of cristobalite after 1 hour at 1500 oC and volume expansion 
for different quartz sources. This indicates as shown in Figure 10 that maximum volume 
expansion increase with increasing amount of cristobalite confirming the findings of Andersen.  
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 Figure 9 Volume expansion for different alkali contents Figure 10 Volume expansion versus % cristobalite after 

1 h at 1500 o C.  

Volume expansion and cristobalite formation then seems to be affected by the same material 
property. To better understand the mechanism behind volume expansion in quartz, it will be 
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important to identify this property. In addition to phase transformations other parameters as 
cracking, water inclusions, OH-containing or other minerals, or chemical reactions might 
contribute to volume expansion. The correlation with FeO content may indicate the two last of 
these while the correlation with cristobalite formation may indicate cracking as a possible cause.  
 
Industrial implications 
Increased volume of quartz and clogging due to softening and melting of quartz may have a 
negative effect on furnace performance since they will decrease gas permeability. The 
importance of this depends on volume % of quartz in charge mixture, relative importance of 
other parameters that affects permeability, such as SiO condensation, and if permeability in the 
given case is a constraint for gas flow. Variation between different quartz sources in volume 
expansion and softening temperature may thus be of importance for furnace operation. 
 
Reactions with quartz to produce SiO should preferably take place low down in the furnace in 
the high temperature zone. Reaction rate is expected to be higher for liquid than for solid quartz 
and to increase with decreasing viscosity. In industrial Si, furnaces where the expected heating 
rates are in the range 5-10 oC/min some quartz sources will not be fully molten until the 
temperature reaches 1900 oC. The liquid phase formed will at this temperature have considerably 
lower viscosity than liquid quartz at melting temperature of 1726 oC and more easily drain 
further down in the furnace. Melting at higher temperatures is based on this expected to be 
beneficial for furnace operation. Variation between different quartz sources in melting properties 
may thus be of importance for furnace operation.  
 

Conclusions 
A new method for investigations of melting properties in kg scale and for simulation of melting 
in industrial furnaces has been developed. The obtained results are comparable with 
measurements in mg scale in sessile drop furnace. Temperatures for softening and melting have 
been shown to vary considerably between different quartz sources. The investigated quartz 
sources were under these conditions not fully molten until well above the melting point for SiO2 
of 1726 oC. Some sources did not melt until 1900 oC. Softening and melting temperature both 
increased with increasing heating rate. During heating, volume of quartz increased with up to 40 
%. This is higher than the volume expansion of 22 % due to phase transformations in SiO2. 
Quartz source is the main parameter that affects volume expansion. The expansion is not directly 
correlated to content of any specific contaminant, but seems to vary with rate of cristobalite 
formation. Lower heating rate gave higher volume expansion. 
 
In industrial operation low volume expansion and high softening and melting temperatures is 
expected to be preferable. The observed variation between different quartz sources for these 
parameters indicate that quartz source may affect furnace operation. The relative importance of 
quartz source compared to other parameters is not known. 
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Abstract 

 
Refractory linings in pyrometallurgical furnaces are attacked by various process phases (e.g. metal, 
slag, gas). However, refractories are the barrier between these phases and the environment: 
refractory damages and consequent furnace failure can cause severe damages including potential 
danger for workers/operators. Hence, refractory corrosion and attack of molten phases require 
attention to study the mechanisms and effects on refractory performance and lifetime. This is of 
special importance in ferroalloys production, where temperatures are generally even higher than 
in base metal processes and the corrosion effects therefore more pronounced. 
To understand the nature of the reactions involved in refractory corrosion, it is crucial to have an 
understanding of the chemical equilibria and the thermodynamics of the reactions. 
The present work studies the high-temperature interactions between refractories and molten slags, 
comprising theoretical thermodynamic analysis (FactSageTM) and experimental work (hot-stage 
microscopy) to better understand the corrosion mechanisms and draw implications for improving 
the refractory performance and lifetime. 
The results will provide a framework for investigating refractory corrosion processes and trigger 
research efforts in the area of thermodynamic applications, optimizations and simulations in high-
temperature processes. 
 

Introduction 
 
Refractory performance is a decisive factor in high temperature furnace operations and hence 
requires continuous improvement to guarantee process efficiency and safety. The lining materials 
are chosen under the consideration of process phases involved (i.e. metal, slag, and gas) to 
minimize chemical attack and maximize furnace campaigns. Chemical attack and penetration by 
molten slags are important factors, the slag zone normally being the furnace area with highest 
refractory wear. Hence, numerous studies have been carried out to study slag corrosion phenomena 
in detail on lab scale [1, 2]. Due to the high process temperatures and slag chemistry involved in 
ferroalloys production, generally basic refractories with MgO as main component are used as 
furnace lining. A deeper theoretical understanding of high temperature refractory/slag interactions 
is required to optimize furnace linings.  
The present work investigated typical FeNi smelting slag compositions (synthetic and industrial 
slags based on the system “FeO”-SiO2-MgO[3-7]) in contact with MgO refractory substrate, both 
on a theoretical (thermodynamic calculations using the software FactSageTM [8]) and practical 
(refractory/slag high temperature corrosion tests) basis.  
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Methodology 

 
The practical corrosion tests were carried out using a hot stage microscope: cylinder-shaped slag 
samples of compacted powder were placed on the refractory substrate (14 x 14 x 2 mm) and heated 
up to process temperature, while continuously recording the sample shape. After the defined 
holding time the samples were cooled down to room temperature and prepared for mineralogical 
investigations and SEM/EDS (Scanning Electron Microscopy/Energy Dispersive X-ray 
Spectroscopy) analysis. The test conditions are summarized in table I. 
 
Table I – Testing conditions (heating microscope) 

Heating program RT → 1650 °C, 10 K/min 
Holding time 60 min at 1650 °C 

Gas flow 200 ml/min, 1 bar 

Gas 
CO/CO2 mixture (60:40) - reducing conditions  

(pO2 at 1650 °C – 1.94 · 10-7 atm) 

Imaging 
CCD camera + analysis software  

starting at 600 °C every 60 seconds 
RT room temperature; 

 
The thermodynamic calculations of the refractory/slag interactions were carried out with the 
software FactSageTM. The results of the theoretical calculations were then compared to the 
practical findings. 
 
The investigated slags, namely synthetically prepared and industrial slag from FeNi smelting 
operations, are based on the system SiO2-Fe2O3-MgO. The compositions of the slags and the 
refractory substrate are shown in table II. 
 
Table II – Chemical composition of slags and refractory substrate (including physical properties) 

Chemical analysis    [wt.-%]      
 MgO Cr2O3 Al2O3 Fe2O3 CaO SiO2 MnO TiO2 Na2O SO3 K2O 

synthetical slag 20 - - 30 - 50 - - - - - 

industrial slag 25.7 1.48 5.54 10.6 2.31 53.2 0.42 0.10 0.12 0.18 0.30 

 MgO CaO SiO2 Fe2O3 Al2O3 BD AP CTE 
refractory substrate > 99.3 < 0.35 < 0.35 < 0.12 < 0.25 2.30 35 13 

BD bulk density [g/cm³]; AP apparent porosity [%]; CTE coefficient of thermal expansion [10-6/K] 

 
Practical corrosion tests – SEM/EDS analysis 

 
Samples for mineralogical investigation were prepared and the respective contact areas, namely 
reaction zone refractory/slag, were investigated by SEM/EDS for studying the slag penetration 
into and chemical reaction with the refractory substrate. The EDS analyses given in the following 
were not obtained from a single spot but from a certain interaction volume (μm range) and offer a 
good qualitative statement of the chemical differences in the studied areas. The EDS mappings 
provide an overview of the elemental distributions in the investigated areas. 
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Refractory materials generally always consist of coarser crystals of the main phase (here: MgO) 
and a finer matrix phase. The latter is more susceptible to corrosion and chemical attack due to the 
finer particle size and higher porosity compared to the coarse grains.  
 
A. SiO2-MgO-FeOx system (synthetic slag on refractory substrate) 
 
The refractory/slag interface is shown in fig. 1. The slag infiltration depth amounts to about 
0.30 mm. The EDS mappings of the main elements (Mg, Si, Fe, Al, Ca, O) and some spot analyses 
over the infiltration depth are shown in fig. 2 and 3, respectively in table III. It can be seen from 
the mappings that the Fe accumulated in the coarse grains, whereas the surrounding matrix is 
enriched in Si and also contains minor amounts of Al and Ca. O was detected over the whole area, 
which is due to the oxidic nature of the materials. Spots 1–3 represent the compositions at different 
depths in the slag layer on the refractory substrate. The analyses show an increasing MgO content 
in the slag towards the refractory substrate, namely from spot 1 to spot 3. Inside the MgO grain 
(spot 4), a certain amount of Fe was detected (as also shown in the mappings), while in spot 5 only 
minor amounts of Fe and Si were verified besides Mg. Spot 6 shows the original composition of a 
MgO grain without additional elements. 
 

  

(a) (b) 

Fig. 1: SEM image of (a) interface between refractory material and molten slag; (b) marked area 
of beginning matrix infiltration  

 

   
(a) (b) (c) 

slag 

infiltration area 
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(d) (e) (f) 

Fig. 2: EDS mapping of refractory/slag interface area, Mg (a), Si (b), Fe (c), Al (d), Ca (e), O 
(f) 

 

 
(a) 

 
(b) 

Fig. 3: Analyzed spots of refractory/slag interface area (spot 1–3 – slag, spot 4 and 5 – infiltrated 
area, spot 6 – coarse grain) (a) SEM-image (b) superposed corresponding illustration of areas 
of constant element concentration based on EDS 

 
Table III – Elemental concentrations at analyzed spots (as described above) 

Element [wt.-%] 
EDX spot      

1 2 3 4 5 6 

Mg 1.2 19.0 27.5 46.5 50.9 56.3 
Si 24.5 16.1 16.7 - 2.6 - 
Fe 16.9 18.7 7.5 12.1 3.0 - 
Al 5.2 - - - - - 
Ca 2.4 - - - - - 
O 49.8 46.2 48.4 41.4 43.6 43.7 

 
The mineralogical investigations of the polished section showed that the brick microstructure is 
infiltrated with slag: the slag penetrated into the brick pores and mainly corroded the matrix fines. 
The coarse grains were also slightly corroded at the rims. The main reactions products include Mg 
silicates of type forsterite (Mg2SiO4). Additionally, due to a high iron oxide supply the MgO was 
highly enriched with Fe oxide. The latter resulted in a formation of low melting magnesia wuestite 
((Mg,Fe)O). These findings indicate that SiO2 plays a major role in refractory corrosion, attacking 
mainly the fines but also reacting with the MgO grains. 
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B. SiO2-MgO-FeOx-XX system (FeNi slag on refractory substrate) 
 
The infiltrated refractory/slag interface area with an infiltration depth of about 0.40 mm can be 
seen in fig. 4. The FeNi slag was completely absorbed by the refractory substrate. EDS mappings 
(Fig. 5) and spot analyses (Fig. 6 and table IV) were performed in analogous way as described 
above for the synthetic slag. 
 
Like for the synthetic slag, the coarse grains are enriched in Fe and the matrix fines are enriched 
in Si, the latter also containing minor amounts of Fe and Ca. The Si did not infiltrate into the coarse 
grains. The slag-surrounded coarse grains are composed of Mg, Fe and minor amounts of Al. Spot 
7 represents the infiltrated slag and shows a higher Mg and lower Fe and Si content compared to 
the original slag composition. Spot 8 indicates the Fe-enrichment in a MgO grain, with additional 
low concentrations of Al and Cr. Spot 9 represents a MgO grain with minor amounts of Si. 
 

  
(a) (b) 

Fig. 4: SEM image of (a) infiltrated area between refractory material and molten slag; (b) marked 
area of matrix infiltration 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

Fig. 5: EDS mapping of infiltrated area, Mg (a), Si (b), Fe (c), Al (d), Ca (e), O (f) 

infiltration area 
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(a) 

 
(b) 

Fig. 6: Analyzed spots of interface area (spot 7 – slag, spot 8 – infiltrated area, spot 9 – coarse 
grain) (a) SEM image of infiltrated area (b) superposed corresponding illustration of areas of 
constant element concentration based on EDS 

 
Table IV – Ratios of elements at different spots ranging from slag to MgO coarse grains analyzed 
by EDS. 

Element [wt.-%] EDX spot   

7 8 9 

Mg 31.9 49.0 57.6 
Si 17.1 - 0.6 
Fe 1.2 6.0 - 
Al - 1.2 - 
Ca 0.6 - - 
O 49.2 42.0 41.9 

 
The mineralogical investigations indicated slag penetration into the brick microstructure and 
subsequent corrosion of the matrix fines, as well as – to a minor extent – the rims of the MgO 
grains. The main reaction products include partly (Ca)-Mg-silicates of types monticellite 
(CaMgSiO4) and forsterite (Mg2SiO4). Additionally due to a high iron oxide supply the MgO 
particles were highly enriched with Fe oxide. The latter resulted in a formation of low melting 
magnesia wuestite ((Mg,Fe)O). 
 
Based on these results, a similar corrosion mechanism as described above for the synthetic slag is 
suggested, namely mainly SiO2 from the slag penetrating into the pores and corroding the matrix 
(and to a minor amount the MgO grains). 
 

Thermodynamic calculations 
 
Different thermodynamic calculation procedures have been applied and described to investigate 
refractory/slag interactions, which all have certain limitations. [10, 11] The present study proposes a 
new representation of results, considering phase formation as a function of temperature and the 
ratio between refractory and slag. All calculations were performed for a constant oxygen partial 

7  8  

9  

7  8  

9  
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pressure with FactSageTM software. The present study investigated the following systems: SiO2-
MgO-FeOx, SiO2-MgO-FeOx-X (with X = CaO, Al2O3, Cr2O3, MnO, TiO2; each 5 wt.-%). The 
method is described for the ternary system SiO2-MgO-FeOx in the following and illustrated in Fig. 
7. The new approach displays the resulting phases as a function of [MgO/(Fe2O3 + SiO2)] for a 
constant [Fe2O3/(Fe2O3 + SiO2)] ratio, which represents the varying refractory/slag portions, 
versus temperature. As the reaction of slag and refractory substrate proceeds, the composition of 
the liquid slag changes up to its saturation where the calculations results indicate that the refractory 
substrate should not be further chemically attacked by the slag. The newly formed phases that 
result from the refractory/slag reaction indicate corrosion.  
 

 
Fig. 7: Phase assemblage predicted by thermodynamic simulations for the corroded refractory 
substrate as a function of [MgO/(Fe2O3 + SiO2)] ratio and temperature – system SiO2-MgO-
FeOx 

 
The following phase assemblages can be observed for this system at 1650 °C: 
 

- [MgO/(Fe2O3 + SiO2)] = ∞ : one phase / monoxide (MgO refractory substrate) 
- 1.02 < [MgO/(Fe2O3 + SiO2)] < ∞ : two phases / monoxide and olivine  
- 0.76 < [MgO/(Fe2O3 + SiO2)] < 1.02 : three phases / monoxide, olivine and slag 
- 0.45 < [MgO/(Fe2O3 + SiO2)] < 0.76 : two phases / olivine and slag 
- 0 < [MgO/(Fe2O3 + SiO2)] < 0.45: one phase / slag 

 
According to the thermodynamic calculations, three species can be formed in the system SiO2-
MgO-FeOx at 1650 °C, namely monoxide, olivine and slag. When the system is composed of two 
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solid phases and the slag, the amount of slag increases with decreasing [MgO/(Fe2O3 + SiO2)] ratio 
and the composition of the slag becomes constant in agreement with the phase rule of Gibbs. When 
the system comprises one solid and the slag, the composition varies. The liquid phase can be 
considered as the driving force behind the corrosion phenomenon. The reaction rate of the system 
can be correlated to the evolution of the slag phase (i.e., amount and composition). 
 
The investigation of systems with further slag components as described above showed that these 
oxides do not significantly influence the range of first appearance of both the monoxide and a 
second solid phase besides liquid slag. The calculations for the industrial slag composition showed 
a more pronounced influence on the appearance of the phases (i.e., shift to higher [MgO/(Fe2O3 + 
SiO2)]) and indicated that the industrial slag is able to dissolve larger amounts of refractory (MgO) 
before forming a solid phase at the refractory/slag contact zone and also before the monoxide 
becomes thermodynamically stable. 
 

Results and discussion 
 
The thermodynamic calculations of the slag/refractory interactions showed the formation of slag 
and solid phases, which can co-exist in different ratios in the system. When the system is composed 
of two solid phases and the slag, the amount of slag increases with decreasing [MgO/(Fe2O3 + 
SiO2] ratio and the composition of the slag becomes constant. When the system is composed of 
one solid and the slag, the composition varies. Additional slag oxides were detected to have an 
influence on the appearance range of the phases, this effect being more pronounced for industrial 
slags containing multiple additional oxides. 
The liquid phase is the driving force behind the corrosion phenomenon. The stability ranges of the 
refractory (monoxide) and the liquid slag as function of slag composition and temperature provide 
a first indication of the possible chemical attack of the slag and refractory corrosion. However, 
additional parameters have to be considered, for example wettability of refractory by slag, slag 
viscosity and reaction kinetics. 
 

Conclusions 
 
For understanding refractory corrosion by liquid slags, it is vital to investigate the microstructure 
of the involved materials and phases. The present study used a combined approach of practical and 
theoretical methods, namely hot-stage microscopy tests and thermodynamic calculations, to study 
the corrosion of MgO refractory substrates by synthetical and industrial FeNi smelting slags. The 
phases predicted by the thermodynamic calculations correspond very well with the experimental 
findings. Hence, the theoretic calculations are a suitable tool for predicting the sequence of phase 
transformations in equilibrium and are a valuable support for experimental work, including 
refractory selection and optimization. 
 
Ongoing studies focus on applying the described methodology to different slag systems and 
refractory substrates, subsequent refractory material optimization and simulation of high-
temperature processes. 
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1. Abstract

The high temperature reduction behavior of manganese ore was investigated with the aim of 

utilizing ore as a more economical manganese source in the steelmaking process. The melting 

temperature and phase change behaviors of raw and sintered manganese ores were measured by 

high temperature X-ray diffraction and DTA in the temperature range from 303K to 1773K under 

atmospheric and vacuum conditions.  The melting temperatures of the raw and sintered manganese 

ores were 1688K and 1732K, respectively. The main manganese compounds in the raw and 

sintered manganese ores were CaMn6SiO12 and MnO, Mn3O4 respectively. Under a vacuum 

(0.13kPa), both the raw and sintered manganese ores were reduced to MnO above 1473K, whereas 

under the atmospheric condition (101.3kPa), the manganese ores were reduced to Mn3O4 rather 

than MnO. The obtained results were discussed from a thermodynamic viewpoint. 

2. Introduction

In recent years, manganese and phosphorus have been added to structural steel products as solute 

strengthening elements to improve the strength of the steel 1). In the steelmaking process, 

manganese alloy and metallic manganese are added during BOF tapping or in the secondary 

refining process 2). Manganese ore is a more economical manganese source than manganese alloys 

such as ferromanganese and metallic manganese. In order to increase manganese ore usage in the 

steelmaking process, it is important to understand the decomposition and dissolution behaviors of 

manganese ore at high temperature. Many studies on techniques for high-temperature reduction 

and the gas reduction behavior of manganese ore have been reported 3-8). Terayama et al. 

investigated the reduction behavior of manganese oxide. When manganese ore is heated with 

carbon, the manganese ore is thermally decomposed and reduced to the MnO phase at around 

1200 K through  interactions with CO and CO2
9-10). Furthermore, when iron coexists with 
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manganese and MnFe2O4, a FeO-MnO type nonstoichiometric compound is generated at 1163K; 

that compound is reduced to metallic iron and MnO at 1273K, after which reduction of MnO 

proceeds11). Kaneko et al.8) investigated the change in oxygen content in manganese ore by using 

a 60kg sintering simulator. In their experiments, raw manganese ore was sintered from 1573K to 

1673K, the oxygen content in the manganese ore decreased with chemical reduction from MnO2 

to Mn3O4 and then MnO.  Kaneko et al.8) also reported that the melting point of manganese ore 

containing 20% CaO is 100K lower than that of ore without CaO. However, the effect of the 

chemistry of manganese oxide in manganese ore on reduction and melting behavior has not been 

clarified. 

In this work, the melting temperature and phase change behaviors of manganese ore were 

measured by high temperature X-ray diffraction and TG-DTA in the temperature range from 303K 

to 1773K under atmospheric and vacuum conditions. 

2. Experimental Procedure 

2.1. Manganese Ore 

Table 1 shows the compositions of the manganese ores used in this study. A is a raw manganese 

ore and B is a sintered manganese ore. The oxygen content of the raw manganese ore is higher 

than that of the sintered manganese ore, since the oxygen in the raw manganese ore is removed in 

the sintering process.aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

2.2. High Temperature XRD Measurement 

High temperature XRD measurements were performed to investigate the change of manganese 

compound during heating. Sample A was raw manganese ore, and sample B was sintered 

manganese ore. Table 2 shows the experimental conditions for X-ray diffraction. Measurements 

were carried out under atmospheric and vacuum conditions (101.3kPa) at 303K, 1073K, 1473K 

and 1773K. The samples were heated at a fixed heating rate of 50K/min. X-ray diffraction was  

Table 1Chemical compositions of raw, sintered and heat-treated manganese ores 

and phases detected by X-ray analysis at room temperature 

Chemical Compound T.Mn T.Fe SiO2 Al2O3 CaO MgO P S T.O

A Raw Mn ore CaMn6SiO12 42.8 9.4 5.9 0.8 7.9 1.5 0.033 0.265 34.8

B Sintered Mn ore 2MnOSiO2, Mn3O4, MnO 61.8 3.2 6.2 7.7 0.5 0.3 <0.005 0.017 27.8

(mass%)

Sample

64



performed after holding for 5 minutes at each temperature. The obtained data were compared 

with those calculated by FactSage. 

2.3. TG-DTA Measurements 

  

TG-DTA measurements were used to investigate the effect of the chemistry of the manganese 

oxide in manganese ore on melting behavior. Figure 1 shows a schematic drawing of the TG-

DTA measurement method. Raw manganese ore and sintered manganese ore were used. The 

manganese ore samples were crushed and ground, and 0.1g was then placed in a platinum crucible. 

Both the sample and the reference material were then heated from 303K to 1923K at the heating 

rate of 10K/min in the Ar atmosphere. 

3. Result and Discussion 

3.1. Effect of Temperature and Oxygen Partial Pressure on Reduction Behavior of Manganese 

Ore 

Figure 2 shows the results of the high temperature XRD measurement of A (raw manganese ore). 

At 303K, only CaMn6SiO12 was detected. Under the atmospheric condition, manganese oxide did 

not change until 1073K, and only Mn3O4 was identified at 1473K. At 1773K, the  

manganese ore is considered to melt, since only the platinum used as a substrate was detected. 

Under the vacuum condition, the manganese oxide in the manganese ore did not change until 

1073K, and only MnO was detected at 1473K. Figure 3 shows the results of the high temperature 

Sample

Reference 
material

differential 
thermocouple

Heating furnace

Figure 1 Schematic drawing of TG-DTA  

measurement method  

    Table 2 Experimental conditions  

for X-ray diffraction 

Radiation source Cu

Voltage 45kV

Electric current 40mA

Degree(2 ) 10 60°

Presure
Atmosphere760Torr
Vacuum1Torr

Temperature

303K
1073K
1473K
1773K

Holding time 5min.
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XRD measurement of B (sintered manganese ore). 2MnO · SiO2, Mn3O4 and MnO were identified 

at 303K. At 1073K, Mn2O3 was detected in addition to 2MnO · SiO2 and Mn3O4. Only Mn3O4

was identified at 1473K and 1773K. Under the vacuum condition, the manganese oxide in the 

manganese ore did not change until 1473K, and only MnO was identified at 1773K.

The results obtained by high temperature XRD measurement were compared with the results 

calculated by FactSage. Figure 4 shows the phase diagram of manganese oxidation calculated by 

Factsage.  Manganese compounds change in the order of MnO2, Mn2O3, Mn3O4, MnO and liquid 

phase with increasing temperature. As shown in Fig. 4, the changes in the manganese oxide 

detected by high temperature X-ray diffraction roughly agreed with the FactSage calculation 

results in the case of ore B (sintered manganese ore).From these results, it is considered that the 

manganese ore can be defined as in an equilibrium condition during holding for 5 minutes at the 

specific temperature in the high temperature X-ray diffraction measurements. The results revealed 

Figure 2  X-ray diffraction patterns of raw manganese ore at elevated temperature  

a) atmospheric condition, b) vacuum condition 
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Figure 3  X-ray diffraction patterns of sintered manganese ore at elevated temperature  

a) atmospheric condition, b) vacuum condition 
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that both the raw ore and the 

sintered ore were reduced to 

MnO under the vacuum 

condition (0.13kPa) above 

1473K. However, under the 

atmospheric condition 

(101.3kPa), both manganese 

ores were reduced to Mn3O4

rather than MnO.

3.2. Relationship Between 

Kind of Manganese Oxide in 

Manganese Ore and Reduction 

Behavior  

Based on the results of the high temperature X-ray diffraction measurements, the effect of the kind 

of manganese oxides in the ore on melting behavior was investigated. Figure 5 shows the results 

of TG-DTA measurements of the manganese ores. Weight decreased with increasing temperature. 

The weight decrease of the raw ore A was about 12mg while that of the sintered ore B was about 

5mg. The amount of oxygen in the raw ore A is larger than that in the raw ore B. Therefore, the difference 

of the weight decrease between raw ore A and B is caused by the amount of release of oxygen during 

thermal decomposition of manganese compounds According to Fig.4, thermal decomposition of 

Figure 4 Phase stability diagram of Mn-O system 

0.13kPa

101.3kP

Figure 5 TG-DTA curves of manganese ore in Ar gas atmosphere, a raw manganese ore,  

b) sintered manganese ore 
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CaMn6SiO12 and Mn3O4 generation take place at 

1000K in the case of the raw ore A. In both cases of 

the raw ore A, and the sintered ore B, Mn3O4

decompose to MnO in the range between 1500 and 

1650K. So, it is considered that the raw ore A, and 

the sintered ore B are reduced during heating in TG-

DTA measurements. In the TG-DTA measurements, 

the largest peak during measurement was regarded as 

its melting points, although the amounts of solidus 

and liquidus ratio at the peak was unknown. The 

melting points obtained by TG-DTA of raw ore A and 

B were 1688 and 1732, respectively. Those melting points were compared with those calculated by 

FactSage. The Factsage calculation considered Mn2O3, Mn3O4 and MnO and SiO2, Al2O3, CaO, Fe2O3, and 

MgO. In the FactSage calculations, melting points were regarded as a liquidus. Figure 6 shows a 

comparison of the measured and calculated melting points of the manganese ores. The TG-DTA 

measurement results and thermodynamic calculation results were in good agreement. The Factsage 

calculation considered Mn2O3, Mn3O4 and MnO and SiO2, Al2O3, CaO, Fe2O3, and MgO. In the 

FactSage calculations, melting points were regarded as a liquidus. In the case of ore B, the 

measured melting temperature obtained by TG-DTA was 100K higher than that of ore A. The 

difference in the melting points of A and B was thought to be due to minor elements. To confirm 

the effect of minor elements, the melting points were calculated for different ratios of Al2O3, CaO, 

Fe2O3, MgO, and SiO2 by using FactSage. Figure 7 shows the results of these calculations. It was 

found that  the melting point increased with increasing contents of CaO and MgO and decreased 

with increasing Al2O3, Fe2O3 and SiO2.The reason for the different melting points of A (row 

manganese ore) and B (sintered manganese ore) was considered. Figure 8 shows relationship 

between Mn2O3 /(Mn2O3+Mn3O4+MnO) and the calculated melting points when the ratio of 

Mn3O4 and MnO was constant at 0.29.The calculated melting point decreased when the ratio of  

Mn2O3 was increased in the range between Mn2O3=0 and 0.5. When the Mn2O3 ratio exceeded 0.5, 

the calculated melting point did not change greatly. The melting points of MnO, Mn3O4 and Mn2O3

were reported to be 2123K13), 1973K7) and 1853K13),  respectively. Therefore, the ratio of  Mn2O3 , 

which has the lowest melting point among the three oxides, would have an influence on lowering 

the melting point. The difference between the two calculated lines in Fig. 8 was regarded as the 

effect of chemical  components other than the components of manganese oxide.In summary, it 

was found that the melting point of the raw manganese ore was lower than that of the sintered 

Figure 6 Melting point of manganese ore  

determined by DTA measurement
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manganese ore due to the difference 

in the relative contents of the 

manganese oxides (i.e., ratio of 

Mn2O3) rather than the effect of 

differences in the contents of gangue 

components such as Al2O3, CaO, 

MgO, SiO2 and Fe2O3. 

4.Conclusion

The effects of temperature and oxygen partial pressure, as well as chemical composition, on the 

transformation and melting behavior of manganese ore were investigated using high temperature 

X-ray diffraction (XRD) and thermogravimetry-differential thermal analysis (TG-DTA) in order 

to obtain fundamental information on the pre-reduction process of manganese ore. The conclusions 

are summarized as follows.

Figure 7 Effect of CaO, MgO, Al2O3, SiO2 and Fe2O3 concentration on melting point of 

mnganese ore 

Figure 8 Effect of ratio of Mn2O3 to (Mn2O3+Mn3O4+MnO) 

on melting point of  
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1The main manganese compound in the raw manganese ore used in this study was characterized 

as CaMn6SiO12 by XRD at room temperature, while the main Mn compounds in the sintered 

manganese ore were Mn3O4 and MnO. Under a vacuum condition, raw manganese ore and 

sintered manganese ore were reduced to MnO above 1473K. However, under atmospheric 

conditions (pressure: 101.3kPa), manganese ore was reduced to Mn3O4 rather than MnO at 

temperatures above 1073K. The results of high temperature XRD and the results of 

thermodynamic calculations were in good agreement. 

2The melting point of the raw manganese ore evaluated by TG-DTA was lower than that of the 

sintered manganese ore due to the difference in the relative contents of the manganese oxides 

in each ore rather than the effect of differences in the contents of gangue components such as 

Al2O3, CaO, MgO, SiO2 and Fe2O3. It is considered that the higher melting temperature of the 

sintered manganese ore in comparison with the raw manganese ore is due to a higher content 

of Mn2O3. 
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Abstract 

The extraction of chromium from chromite ore is based on the oxidative alkali roasting of the 
mineral forming water-soluble alkali chromates. Previous investigations reported the formation 
of a molten Na2CO3-Na2CrO4 binary mixture during roasting of chromite with sodium carbonate. 
The physical properties of the Na2CO3-Na2CrO4 liquid phase, which are dependent on 
temperature, charge and gangue composition, play an important role in the oxidation reaction 
and may limit the chromium recovery by hindering the oxygen transport to the reaction interface. 

This investigation focuses on the alkali roasting of chromite ore at 1000oC using NaOH and 
KOH, and subsequent water leaching. The influence of the alkali ratio on the chromium 
extraction yield is analysed, and the results obtained with both hydroxides are compared. The 
formation of molten salt phase under different roasting conditions and its effect on chromium 
recovery is studied by means of sample characterization and phase diagram analysis. 

Introduction 

Oxidative roasting of chromite ore with alkali salts is based on the oxidation of Cr3+ to Cr6+ and 
subsequent combination with the alkali to form water soluble chromates (Na2CrO4, K2CrO4).
During the traditional roasting process, chromite reacts with sodium carbonate to form sodium 
chromate following equation (1).

FeCr2O4 +  2 Na2CO3 +  7/4 O2 →    2 Na2CrO4 +  1/2 Fe2O3 +  2 CO2 (1) 

The roasted material is subsequently leached with hot water in order to selectively solubilise 
sodium chromate. The remaining chromite ore processing residue (COPR) mainly contains iron
oxide, magnesium oxide and unreacted chromite. Around 15 wt.% of chromium in chromite is 
not converted to alkali chromate during the traditional alkali roasting process, as reported by 
previous investigations [1]. The landfilling of the COPR generated is an important source of 
hexavalent chromium, as the waste contains approximately 0.1 - 0.2 wt.% Cr6+ which remains 
entrapped after water leaching. Hexavalent chromium is highly hazardous to water, soil, flora 
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and fauna, and therefore, the environmental problem associated with waste disposal is the main 
drawback of the process [2]. 

Bearing this in mind, previous investigations have focused on the study of the thermodynamics 
and optimization of the process parameters in order to maximize chromium extraction and 
minimize waste generation [1, 3-5]. The parameters affecting the degree of extraction include 
chromite ore composition, roasting temperature and time, oxygen potential and the origin and 
quantity of gangue materials present in the ore. Another important factor which is known to have 
an important effect on the roasting reaction is the formation of a Na2CrO4–Na2CO3 molten phase. 
Previous findings on this topic are discussed below. 

A. Previous investigations on the role of the liquid phase in the reaction mechanism 

Tathavadkar et al. previously described the key role played by the binary Na2CrO4–Na2CO3 
molten phase formed during alkali roasting of chromite ore with sodium carbonate [3]. The 
liquid phase mainly consists on the formation of an eutectic mixture at 928K between Na2CO3-
Na2CrO4 with a 62.5 wt.% sodium chromate. They reported that the transport of gaseous 
compounds (O2 and CO2) during the oxidation reaction is hindered by the presence of the liquid 
layer surrounding the chromite particle, which leads to a reduction in the rate of sodium 
chromate formation [4]. At a fixed temperature, the decrease of the oxygen transport is more 
significant with increasing proportion of liquid phase in the reaction mixture. These authors 
pointed out the importance of the viscosity of the molten phase, as this is the property which 
mainly affects the thickness of the liquid layer and therefore its resistance to the transport of 
gaseous species. In the case of roasting with Na2CO3, the viscosity of the Na2CO3–Na2CrO4 
liquid was found to be highly dependent on the roasting temperature and the composition of the 
initial charge [3, 5].  

The same researchers highlighted the significant effect that the ore composition and gangue 
materials have in the properties of the binary Na2CrO4–Na2CO3 liquid phase, which ultimately 
affects the extraction yield of chromium. Tathavadkar et al. reported that the presence of 
NaAlO2, NaFeO2 and Na2SiO3 in the samples after roasting of chromite with Na2CO3 are able to 
change both the physical and chemical properties of the liquid phase [3].  

The differences between the reaction mechanism with and without silica are significant and the 
yield of chromium strongly depends on the amount of silica present in the chromite ore [3]. It has 
been demonstrated that the presence of silica in a significant amount leads to the formation of 
sodium silicate compounds which increase the viscosity of the liquid phase hindering the oxygen 
diffusion. When sodium silicate is part of the liquid phase, sodium ferrite and aluminate tend to 
dissolve too, and the result is the formation of a liquid rich in alkali in which chromite dissolves 
completely, forming a complex Na-Cr-Fe-Al-Si-Mg-O liquid at high temperature. The formation 
of sodium silicate drops the activity of sodium ions and disturbs the diffusion of Na+ and Cr3+ 
towards the reaction zone where formation of sodium chromate takes place in the presence of O2 
gas. All this explains why the presence of silica in the ore has an important influence on the 
extraction efficiency of chromate, which is higher for ores with low silica content [5].  
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In this study, alkali hydroxides, namely NaOH and KOH, are used in the roasting of chromite ore 
as alkali source. The main reaction taking place is shown in equation (2), where M represents the 
alkali metal (Na or K). 

2 FeCr2O4  +  8 MOH  +  7/2 O2(g)   →   4 M2CrO4  +  Fe2O3  +  4 H2O(g)                    (2) 

The thermodynamic analysis of the possible reactions of the sodium/potassium hydroxides with 
the different elements present in the ore shows that besides the formation of alkali chromate, 
formation of alkali ferrite (NaFeO2, KFeO2), alkali aluminate (NaAlO2, KAlO2) and alkali 
silicate (Na2SiO3, K2SiO3) is also possible when alkali is added in excess with respect to the 
stoichiometric ratio [6]. In this study, the reaction mechanism has been studied for the roasting of 
chromite with different ratios of NaOH/KOH. Relevant phase diagrams and equilibrium 
calculations were also computed with the aim of determining the different phases formed during 
roasting and their effect on the properties of the liquid phase, the rate of diffusion of oxygen to 
the reaction interface and, ultimately, the efficiency of the extraction of chromium. 

 
Experimental work 

The South African chromite ore used in this study had a particle size of 106 μm and the 
following chemical composition 48.80% Cr2O3, 31.30% Fe2O3, 7.03% MgO, 7.15% Al2O3, 
3.45% SiO2, 0.70% TiO2 and 0.54% CaO. Sodium hydroxide (NaOH) and potassium hydroxide 
(KOH) of analytical grade were used for roasting chromite ore samples. 

Samples composed of a mixture of chromite ore and sodium or potassium hydroxide were placed 
in an alumina crucible and roasted for 2 hours in a tube furnace in air atmosphere at a constant 
temperature of 1000oC. Samples were prepared by mixing thoroughly chromite ore with different 
ratios of the corresponding hydroxide. The Cr2O3:hydroxide molar ratios tested in this study 
were 1:4, 1:6 and 1:8; which correspond to 100%, 150% and 200% the stoichiometric hydroxide 
amount needed to convert all Cr3+ contained in the ore to water soluble alkali chromates 
(Na2CrO4 and K2CrO4), respectively. Products of roasting were water leached for 2 hours at 60oC 
with the purpose of solubilising chromium as alkali chromate. Leached solutions were analysed 
by atomic absorption spectroscopy (AAS) while the solid residues obtained from the leaching 
step were characterised by X-ray powder diffraction (XRPD), scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDX). 

 
Results and discussion 

A. Phase diagrams and equilibrium calculations 

The effect of the alkali ratio on the roasting reaction was studied by testing three different 
Cr2O3:MOH molar ratios of 1:4, 1:6 and 1:8. A molten M2CrO4-MOH phase (where M = Na or 
K) is expected to form and, therefore, the amount of alkali added will determine the volume of 
the liquid phase generated and its compositional properties, for governing the intergranular fluid 
flow in the chromite matrix. 
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It was mentioned before that the analysis of the Gibbs free energy of the roasting of chromite 
with NaOH/KOH indicated that NaOH and KOH can be consumed by alumina and silica to form 
alkali aluminates and alkali silicates [6]. This makes necessary to increase the amount of alkali 
above the stoichiometric, by taking into account the alumina and silica content of the ore. Iron 
oxide may also react with Na+/K+ to form NaFeO2/KFeO2, only if alkali is in excess.  

Formation of alkali ferrites can be seen in Figure 1. The phase diagrams for the NaOH-Cr2O3-
Fe2O3-Al2O3-O2 and KOH-Cr2O3-Fe2O3-Al2O3-O2 systems were calculated by using the 
FactSage 6.4 software. The diagrams indicate the phases coexisting in equilibrium at 1000oC in 
function of the partial pressure of oxygen, P(O2), and the activity of MOH. Both diagrams show 
the partial pressure of oxygen that may be needed to form the alkali chromates (M2CrO4), which 
decreases as the concentration of MOH increases; implying that, from a thermodynamic point of 
view, chromate formation will be enhanced by the presence of excess hydroxide. It should be 
noticed that NaFeO2 can be seen in Figure 1a for certain conditions of P(O2) and NaOH activity, 
whereas KFeO2 does not exist in Figure 1b under comparable conditions, as the thermodynamic 
data for this compound is not available in the software database. However, KFeO2 is expected to 
form if there is excess KOH, since the reaction of formation of KFeO2 by combination of Fe2O3

and KOH at 1000oC has a significant negative value of Gibbs energy equal to ΔGf = -1129.88 kJ 
per mol of Fe2O3 reacted (computed using HSC 5.1 software [7]) at 1000oC.

Figure 1. Phase diagrams of the a) Cr2O3-Fe2O3-Al2O3-NaOH-O2 and b) Cr2O3-Fe2O3-Al2O3-
KOH-O2 systems. Computed using FactSage 6.4. 

Phase equilibria conditions were also computed for the roasting of chromite and the three 
different alkali ratios tested experimentally by using FactSage 6.4 software. In Table I below, the 
moles of the different phases in equilibrium, after roasting 50g of chromite and the 
corresponding alkali amount at 1000oC, are compared. For calculation purposes it was assumed 
that there is excess of oxygen available.  

74



Table I. Equilibrium data calculated for the roasting of 50g of chromite with three different ratios 
of NaOH/KOH (1:4, 1:6, 1:8) at 1000oC in air atmosphere. 

Alkali Cr2O3:MOH Phases in equilibrium (moles)

NaOH 1:4 Na2CrO4 (liq) 
0.31425

Fe2O3         

0.09780
MgAl2O4    

0.03368
Mg2SiO4     

0.02643
NaAlSiO4   

0.00274
(MgO)(Cr2O3)

0.00068

NaOH 1:6 Na2CrO4 (liq) 
0.31579

Fe2O3         

0.01938
MgO         

0.08722
FeNaO2       

0.15686
Na6Si2O7     

0.01458
NaAlO2           

0.07010

NaOH 1:8 Na2CrO4 (liq)   
0.31579

NaOH (liq) 
0.24330

MgO         
0.08722

FeNaO2       

0.19563
Na4SiO4       

0.02917
NaAlO2           

0.07010

KOH 1:4 K2CrO4 (liq) 
0.31489

Fe2O3         

0.09781
MgAl2O4    

0.03432
MgSiO4      

0.02623
KAlSi2O6   

0.00147
(MgO)(Cr2O3)  

0.00036

KOH 1:6 K2CrO4 (liq) 
0.31579

KOH (liq) 
0.13960

MgO         
0.08722

Fe2O3         

0.09781
K2SiO3 (liq)  

0.02917
KAlO2            

0.07010

KOH 1:8 K2CrO4 (liq) 
0.31579

KOH (liq)  
0.45520

MgO         
0.08722

Fe2O3         

0.09781
K2SiO3(liq) 

0.02917
KAlO2            

0.07010

The comparison of equilibrium data in Table I and Figure 1 confirms that there may be need for 
having excess alkali in order to extract all Cr3+ in the form of water soluble chromate. When the 
stoichiometric amount of alkali is added a part of the chromium remains unreacted as MgCr2O4,
since some alkali is consumed in the formation of alkali aluminosilicates (NaAlSiO4, KAlSiO4).
When excess alkali is added, the magnesiochromite phase cannot be observed in the reaction 
product. Based on equilibrium calculations, the majority of Cr3+ is extracted as Na2CrO4 when 
the Cr2O3:NaOH molar ratio is 1:6, and therefore, a further increase of the amount of alkali in the 
charge does not necessarily mean an improvement of the chromium extraction yield. These 
observations were also found to be consistent with the KOH reaction of chromite ores. 

Alumina forms MAlSiO4 and the unreacted alumina remains as MgAl2O4 for the stoichiometric 
alkali ratio, but when the alkali ratio is increased to Cr2O3:MOH = 1:6 it combines with Na+/K+

to form sodium or potassium aluminate. Oxides of iron and magnesium separate out by forming 
the respective phase (MgO, Fe2O3), however, iron may also react with excess alkali to form 
MFeO2, as discussed before.  

Table I also shows the state of the difference phases (solid and liquid), which indicates the 
expected composition of the molten salt phase. The liquid phase is mainly composed of M2CrO4

and MOH, however, as it can be seen in Table I, alkali silicates form when alkali is in excess 
(Cr2O3:MOH molar ratio of 1:6 and 1:8). Particularly, the K2SiO3 phase is present in the liquid as 
it melts below 1000oC (melting point of K2SiO3 = 976oC). The presence of silicates in the molten 
salt is expected to increase the viscosity of the liquid, and therefore, hinder the oxygen transport 
[3]. 
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B. Reaction mechanism and effect of the alkali ratio 

Using the equilibrium data in Figure 1 and Table I, the mechanism of the overall reaction may be 
analysed. In this context, the Cr2O3-to-MOH ratio may affect the formation and properties of the 
molten phase. In Figure 2, the X-ray powder diffraction data for leached residues after roasting 
of chromite with NaOH/KOH are compared for different stoichiometric ratios of Cr2O3:MOH. 
Leached residues contain the insoluble phases formed during roasting, while the alkali chromate 
and the rest of water soluble phases are extracted during leaching.  
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Figure 2. XRPD patterns of leached residues after roasting of chromite with different molar 
ratios of KOH and NaOH at 1000oC for 2 hours. (0. Mg0.74Cr0.96Fe0.26Al1.04O4, 1. MgCr0.2Fe1.8O4, 2.

Mg(Fe0.5Al0.5)2O4, 3. Na2Mg(SiO4), 4. Fe2O3 (hematite, rhombohedral), 4*. Fe2O3 (cubic), 5. SiO2, 6. MgO, 7. MgFe2O4, 7*.
MgCr2O4, 8. Fe2.3Si0.7O4, 9. MgCrAlO4)

Equilibrium data shown in Table I indicates that, for roasting of chromite with the stoichiometric 
Cr2O3:alkali molar ratio, MgAl2O4 and MgCr2O4 spinel-type phases are in equilibrium. 
Experimental results demonstrate that these phases are present in the core of the partially-reacted 
particles and are found as complex Mg-Fe-Cr-Al-O spinel, which in fact corresponds to the 
initial composition of chromite ore which is depleted in Fe3+ species. The depletion of iron was 
observed in the backscattered SEM images by analysing elemental mappings of particles from 
water-leached residues after roasting with the stoichiometric alkali ratio. The results are 
presented in Figure 3 and Figure 4 for NaOH and KOH, respectively. In the XRPD patterns of 
the residue samples in Figure 2, Mg0.74Cr0.96Fe0.26Al1.04O4 and MgCr0.2Fe1.8O4 could be also 
identified when roasting with the stoichiometric amount of NaOH, and Mg(Fe0.5Al0.5)2O4 and 
MgCrAlO4 were present when roasting with KOH. Figure 3 and Figure 4 show that all remaining 
chromium is in form of partially-reacted chromite spinel, meaning that the water leaching step is 
highly efficient in terms of M2CrO4 extraction. 
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The edge of the particles, where chromite is in contact with oxygen, is richer in iron oxides. In 
agreement with the equilibrium data presented in Table I, Fe3+ seems to diffuse out first and 
remain at the edge of the partially reacted particles. This is evident in Figure 3, in which a rim of 
MgFe2O4 may be seen. In the microstructure, iron and magnesium may also phase separate 
depending on the alkali available [6]. Silica is mainly combined with Na+ and Al3+ when roasting 
with NaOH (Figure 3), however, when roasting with KOH iron oxide is preferentially found as a 
complex K-Fe-silicate, which can clearly be seen in Figure 4.  

Figure 3. Backscattered SEM image and elemental mapping of a leached residue particle after 
roasting of chromite with NaOH (Cr2O3:NaOH = 1:4, T = 1000oC and t = 2 hours). 

Figure 4. Backscattered SEM image and elemental mapping of a leached residue particle after 
roasting of chromite with KOH (Cr2O3:KOH = 1:4, T = 1000oC and t = 2 hours). 

The concentration of chromium in the solutions obtained from the water leaching stage was 
analysed by AAS technique. The values of %Cr extraction for each experiment, shown in Figure 
5, were calculated by the following formula: %Cr extraction = (Cr in solution ∙ 100) / Cr in chromite.  

Excess alkali is expected to increase the extraction yield of chromium as a result of the 
following: a) Equilibrium data in Table I shows the need for having higher Cr2O3:MOH than the 
stoichiometric in order to fully decompose the chromite spinel phase; b) Excess alkali is 
necessary for neutralisation of alumina and silica and; c) Phases diagrams in Figure 1 show that 
as the MOH concentration in the charge increases, the P(O2) required to form M2CrO4 decreases. 
This is in agreement with the experimental values of %Cr extraction presented in Figure 5, being 
noticeable that the extraction of chromium is higher for a molar ratio of Cr2O3:MOH = 1:6 than 
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for 1:4. However, when the molar ratio is increased to 1:8, there is a slight decrease of the Cr 
extraction which may be explained by the fact that a higher amount of alkali in the charge 
increases the volume of molten salt phase. The liquid formed envelops the particles of chromite 
obstructing the diffusion of oxygen gas towards the reaction interface. 
 

 

Figure 5. %Cr extraction after roasting of chromite at 1000oC with different Cr2O3:MOH ratios. 
 

 
Conclusions 

Phase diagrams for the MOH-Cr2O3-Fe2O3-Al2O3-O2 systems (M=Na/K) were computed, 
showing the effect that the P(O2) and the activity of the alkali compound have on the equilibrium 
phases formed. Equilibrium calculations were also performed for the roasting of chromite with 
different Cr2O3:MOH molar ratios (1:4, 1:6 and 1:8) for verifying the presence of the various 
phases formed and the expected composition of the molten phase. The reaction mechanism with 
different alkali ratios was discussed based on experimental results and thermodynamic data 
calculated, which are in good agreement. Excess alkali demonstrated to increase the extraction of 
chromium but it also generates a higher volume of molten phase, which may be responsible of a 
lower reaction rate as it represents an obstacle to the oxygen diffusion. 
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Abstract 
 
Ferronickel production process takes place in two basic stages. The first stage is calcination and 
preliminary reduction of minerals. These minerals contain significant amounts of iron, which 
must be partially reduced. The second stage is the final reduction and fusion process of the 
calcined product. This stage takes place at temperatures of 1600°C, in order to obtain ferronickel. 
The main objective is to treat nickeliferous laterites with the CaO addition, in order to decrease 
energy consumptions and the fusion temperature. The mineral composition was 1.78% nickel. 
The CaO additions were from 3% to 20%.  The basicity indexes varied with respect to the CaO 
amount from 0.55 to 0.81. The fusion temperatures of mineral change between 1496.5 and 
1462.9 °C. Metal recoveries (FeNi) change from 15.5 %to 19.3 %. It can be concluded that the 
addition of CaO is important to lower the melting points in obtaining ferronickel. 
 

 
Introduction 

 
Nickel is an essential alloying element in austenitic stainless steel and other specials alloys. The 
drastic increase in production of such alloys over the last decade, mostly because of economic 
growth of Asian countries, particularly China, has resulted in a considerably increased demand 
for ferronickel [1]. Majority of the world’s nickel is produced using pyrometallurgical 
techniques, the equipment and processes employed in such production encompass a variety of 
technologies [2]. One such technology is the RKEF system. RKEF smelting is widely used in 
ferronickel production to treat saprolite laterite ore. The RKEF process is a two-stage 
pyrometallurgical process that involves the calcination and the partial reduction of the saprolite 
ore in a rotary kiln, followed by high-temperature smelting in an electric arc furnace [3]. The 
current FeNi, Nickel Pig Iron (NPI) and Ni matte smelters operate with nickel laterite ore that 
meet fairly specific criteria in terms of their Ni grade, Fe/Ni, Ni/Co and SiO2/MgO ratios [4]. 
 
Production of nickel from laterite ores has occurred for over 100 years beginning with processing 
of garnieritic ores from New Caledonia [5]. Nickel laterites are becoming more attractive for 
nickel production due to the depletion of high grade nickel sulfide ores[6], although, the recovery 
of Ni from laterites is difficult, due to, their complex mineralogy and the limited applicability of 
established technology [7].   
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In this work the effect of CaO addition was evaluated, in the smelting process of the 
nickeliferous laterites for the ferronickel production, of a sample with 1.78% content of Ni. It 
was done a thermodynamic analysis using the Factsage 7.0 software and it was obtained phase 
diagrams, with the variation of the CaO composition. 
 
In order to optimize the process of ferronickel production and decrease the smelting point, it was 
added CaO.  CaO is an oxide used in the laterites nickel processing. This oxide helps to increase 
the slag basicity index. With increasing basicity, the fusion characteristic temperatures decrease. 
It's revealed that the addition of an appropriate amount of CaO could lower the liquid 
temperature and increase the amount of metal [8] [9][10]. 
 

Materials and methods 
 

Raw materials  
 
It was used a Colombian mineral with content 1.78 % of Ni. The chemical analysis was obtained 
by X-Ray fluorescence and X- ray diffraction of. The XRF was performed using a team Philips 
brand FRX 2400. XRD was performed using a team PANalytical and reference X´pert, with Cu 
source K Alpha1 and wavelength of 1.5406A and a power of 1.8 kW (45 kV - 40 mA). 
 
CaO used was dehydrated and it is commercial. 
 
Experimental methods 
 
Nickel ore was agglomerated in a hydraulic press using a pressure of 25 MPa. The granulometry 
used was of 150 microns. The samples obtained had a height of ½ inch with a weight of 5 g.  The 
nickel ore was reduced to 1100°C during three hours. Coke was used as reducing agent. 
 
A thermodynamic analysis using the 7.0 software was done and phase 
diagrams with the variation of the CaO composition was obtained. This variation was from 3% to 
20% of CaO, with obtaining different smelting temperatures. Calcination product was smelting 
to 1600 °C in an electric furnace as show in the figure 1. 
 

 
 

Figure 1. Electric furnace for the fusion process 
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Results and discussion 
 

Characterization of mineral  
 
The amount of nickel oxide, iron oxide and other oxides present was determined using the 
technique of X-ray fluorescence as shown in Table 1. 
 

Table 1. Chemical composition of the mineral sample  

Sample Fe2O3% %MgO (s) %SiO2(s) %Al2O3(s) NiO% H2O% 

M2 (P2) 19.69 21.3 40.5 1.94 2.27 14.3 

 
In Figure 2 X-ray diffraction, is showing the mineralogical composition of ore. In figure 2 is 
observed the presence of magnesium silicates as lizardite (H4Mg3O9Si2) and nepouite 
(Ni3Si2O5(OH)4), iron as Goethite (Fe2O3.H2O) and silica content  in the form of quartz (SiO2), 
among others.  
 

 

Figure 2.  X-ray diffractogram of lateritic ore, L: Lizardite, N: Nepouite, Q: Quartz, G: Goethite 

 
Thermodynamic analysis  
 
The thermodynamic analysis was done using the XRF composition of the ore, obtaining a phase 
diagram, SiO2-Al2O3-MgO system. This can be viewed in figure 3. 
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Figure 3. Phase diagram of mineral sample with initial composition, SiO2-Al2O3-MgO system 

 
In Figure 3 is shown the phase diagram of the SiO2-Al2O3-MgO system. This diagram was done 
using initial composition of ore, without CaO addition.  
 
The CaO addition was changed from 3 to 20% of CaO. This addition CaO was done in different 
percentages showed a change in the basicity index. These results are shown in table 2. 
 

Table 2. Determination of basicity index with the CaO 
addition  

% CaO  Basicity index Liquidus temperature  

0 0.50 1509 
3 0.55 1487 
6 0.59 1486 
9 0.64 1489 

12 0.68 1485 
15 0.73 1477 
20 0.80 1466 
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Table 2 show the increase of basicity index and decrease of the liquidus temperature. It is 
important in the low grade nickel ore fusion process, because it could to decrease the energy 
consumption and optimize the process. 
 
For all percentages of CaO, corresponding phase diagrams were done. Figure 4 show the phase 
diagram with addition of 20% CaO. 

 

 
Figure 4. Phase diagram of mineral sample with CaO addition of 20%, SiO2-Al2O3-MgO 

system 
 
In Figure 4, where 20% of CaO was added, it can be seen that the liquidus temperature decreases 
significantly, down to 1466 C. 
 
The metallization was studied experimentally with increasing CaO content. The metal recovery 
is shown in table 3. It can be seen that the metal recovery will increase with increasing CaO 
content. 
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Table 3. % Metal recovery  

Sample % CaO % Metal recovery 

1 3 15.5 

2 6 13.5 

3 9 19.3 

4 12 18.7 

5 15 20.3 

6 20 19.3 

 
In Table 3 is shown that with the CaO addition in 15% the metal recovery is 20.3 %. It is 
concluded that the CaO addition is important during the fusion process when it has low grade 
nickel ores.  
 
The composition of ore is important because of its MgO and SiO2 content. These compounds are 
refractories materials that increase the fusion temperature, and the CaO addition generate other 
compounds that help to the formation of mineralogical species in the slag, such as, diopside 
(CaMgSi2O6), akermanite (Ca2MgSi2O7), rankinite (Ca3Si2O7), which have smelting point of 
1391°C, 1590°C, and 1410°C respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 5. Phase diagram CaO-SiO2-MgO system. Determination of composition by sample with 

1.78% of Ni and the CaO addition of 20%. 
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In Figure 5 is shown the composition of samples with 1.78 % Ni with the CaO addition of 20%. 
The composition is located in the diopside zone. It is interesting because a suitable temperature 
for the fusion process is achieved. The temperature reached was 1396°C.  
 
The metal recovery was quite similar from 9% to 20% CaO, and 9% may be preferred due to a 
lower total slag content. 
 
Is very important the CaO addition because ferronickel at lower temperatures was obtained. This 
CaO addition can generate mineralogical species with lower smelting points. It can be an 
important factor in the fusion process, because this conditions help to decrease energy 
consumption. 
 
The CaO addition is an important factor that affect the chemical composition of the ore, 
becoming in a great advantage for the fusion process, because this flux does all your functions 
and it doesn’t interferes in the kinetic process of significant way 
 
 

Conclusions 
 
With the addition of 15% of CaO, good results in the metal recovery, with 20.3% of ferronickel 
was obtained. Although, with CaO addition of 20%, it was obtained greater  amount of metal 
recovery, it can work with 9% of CaO, taking in account that the recovery is high, in order to do 
less expensive the fusion process.   
 
The CaO addition, is important in the fusion process because, it helps to generate slag with 
mineralogical species with down smelting points such as, diopside (CaMgSi2O6), akermanite 
(Ca2MgSi2O7) , rankinite (Ca3Si2O7), which have smelting point of 1391°C, 1590°C, and 1410°C 
respectively. 
 
Calcium oxide is an excellent raw material, used in this process. This raw material is 
economically rentable and it helps to decrease the energy consumption, because helps decrease 
the fusion temperatures. 
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Abstract 
The Furnace Method for the production of low carbon ferrochrome has been found to offer 
significant savings in energy and raw material consumptions, compared to the Mixing Method 
processes. The operating conditions for the Furnace Method differ significantly from those of the 
Mixing Method processes. This paper describes the characterisation of the slag operating regime 
for the Furnace Method in order to minimise risks during implementation.  

The slag liquidus temperature, as well as its chemical and thermal compatibility with different 
refractory systems was evaluated to identify the preferred fluxing agent, basicity 
((CaO+MgO)/SiO2) range and refractory system. A lime fluxed slag was found to provide the 
best combination of liquidus temperature and alloy product quality, while being compatible with 
a magnesia refractory at an operating temperature of 1750°C.  

Slag chemistry variations throughout batches pose a risk to the integrity of the refractory lining. 
The impact that these variations have on the process chemistry was quantified in order to arrive 
at a feeding methodology for the process. 

Introduction 
Ferrochrome is one of the main raw materials used in the production of stainless steel (typically 
10 and 20% Cr). An important benefit thereof is the increase in the steel corrosion and oxidation 
resistance [1]. Low carbon ferrochrome, required for the production of many steel types, cannot 
be produced directly by carbothermic reduction of chromite ore due to the amount of carbon that 
can go into solution with the metallic chromium and iron [2]. Most processes for producing low 
carbon ferrochrome from high carbon ferrochrome or charge chrome require very high process 
temperatures, result in high chromium losses or require uneconomically long reaction times [3].
Metallothermic production of low carbon ferrochrome is therefore preferred [4].

A number of metals that are produced in bulk can be used to reduce chromium from chromite 
ore. The stoichiometric consumption for the most notable ones is shown in Table 1, along with 
their cost per tonne of chromium metal produced. In practice, the consumptions may differ 
slightly, depending on the targeted chromium recovery.  

From this data, it is evident that aluminium and silicon are economically the most viable options 
for use as metallothermic reductants. Of the two, only silicon (in the form of ferrochrome 
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2

silicide) can readily be produced on a smaller scale on site. This is likely the reason for the 
prevalence in its use.  
Table 1: Metal consumption for Cr production 

Metal Consumption
(t/t Cr)

Cost per tonne Cr*
(US$)

Aluminium 0.519 891
Magnesium 0.701 1 578
Manganese 1.585 2 877
Silicon** 0.405 704 - 1 069

* Prices from www.metalbulletin.com (15 August 2015).  
** Calculated using 75% FeSi for the lower value and Si metal for the higher value. 

Process Routes 
Only two process routes (not considering the variations thereof) are considered to be 
commercially feasible for the production of LC FeCr, namely the Mixing Method and the 
Furnace Method. These have been described extensively in earlier works [1]. Of the two 
methods, the most commonly used process is the Mixing Method [4]. Both methods are 
illustrated in Figure 1. The process steps and furnace components indicated in blue are specific to 
the Mixing Method, while those in orange are used in the Furnace Method only. The remainder 
is common between the processes. Solid FeSiCr feed variations for both Methods are also 
possible (indicated with dotted line). 

Figure 1: Mixing and Furnace Method processes 

The Mixing Method 
Processes that involve mixing of materials (cocktailing) in ladles will be referred to as the 
Mixing Method, in agreement with the work by Gasik [1]. The Mixing Method is a three-step 
process. FeSiCr is produced in a semi-open submerged arc furnace. Simultaneously, an ore-lime 
melt is produced in an open arc furnace. Lime is added to obtain a Cr2O3 content of 
approximately 27% [1, 5], where the liquidus temperature of the slag is 1831ºC (FactSage 6.4).
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The products from both of these steps are then mixed (cocktailed) in ladles to produce LC FeCr 
and a low Cr2O3 slag. Some Cr2O3 is retained to ensure that the Si content in the LC FeCr 
product is below 1.5%. The simplified reduction reactions are show in Equations 1 and 2. The 
processes are exothermic, so the temperature in the ladle could be somewhat higher. 

  �H1900ºC = -348.194 MJ …Eq. (1)
  �H1900ºC = -421.379 MJ …Eq. (2)

The Mixing Method has some distinct disadvantages, which include high energy losses due to 
the exothermic reactions during the ladle cocktailing step, high process temperatures that result 
in high refractory wear, as well as material losses due to spillage. In addition, the oxidising 
conditions in the ore-lime melt furnace, together with the high process temperature are conducive 
to the formation of Cr(VI) [6] and could result in the formation of up to 1% CrO3 [1].

The Furnace Method 
The Furnace Method is an alternative to the Mixing Method. In the Furnace Method, the FeSiCr 
is added directly to the ore-lime melt. The Liquid Feed Furnace Method (LFFM) was developed 
and patented by Mintek in South Africa [7], although not named as such. The reaction equations 
are similar to those of the Mixing Method. However, a lower operating temperature can be used, 
as discussed later. 

High level mass and energy balances were developed for the Mixing and Furnace Methods, as 
well as their solid FeSiCr feed variations. In all cases, ore with a Cr2O3 content of 48.7% and 
FeSiCr with 40% Cr and 42% Si was used. The energy requirements are shown in Table 2. The 
Furnace Method, particularly the LFFM, offers a significant saving in the electrical energy 
requirement. This is due to the fact that the silicothermic reduction takes places inside the low 
carbon ferrochrome furnace, instead of in the ladles. The exothermic energy is therefore 
available for heating and melting of the ore-lime mixture. 

Table 2: Smelting energy consumption for four process options 
Process Consumption * 

(kWh/t LC FeCr)
Ore-lime and LC FeCr 

furnace process 
temperature (ºC)

Mixing Method (Perrin) 2254 1900
Mixing Method (Duplex, solid FeSiCr feed) 2326 1900
Solid Feed Furnace Method (SFFM) 1589 1750
Liquid Feed Furnace Method (LFFM) 1202 1750

* The energy consumption excludes that for the production of FeSiCr, which is common for all options. 

Thermochemical Modelling Setup 
At the time of writing there was no commercial installation producing low carbon ferrochrome 
using the LFFM. No information was therefore available relating to the operational parameters 
required to promote the product quality and recovery, nor for the refractory and slag systems that 
are the most appropriate for the process. 
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Thermochemical modelling was subsequently performed to evaluate different slag compositions 
and refractory materials to ascertain whether or not LC FeCr can be produced that is within 
specification, whether or not the process would be operable in terms of the slag liquidus 
temperature (and superheat), and to determine if the slag and refractory materials would be 
compatible at the selected process temperature. Modelling was done using FactSage 6.4. 

The liquidus temperature of a 70% Cr LCFeCr product is approximately 1700ºC. A slag 
superheat of between 50 and 200 degrees Celsius is generally required to achieve a balance 
between maintaining slag fluidity and refractory protection [8]. The operating temperature 
should therefore be in the region of 1750ºC and the slag liquidus between 1550 and 1700ºC.

Refractory systems were limited to magnesia and doloma (burnt dolomite, CaMgO2), as they are 
readily available and low cost. Fluxes were limited to lime and doloma, again due to their 
availability and cost. The systems that were modelled are listed in Table 3. For the purposes of 
modelling, magnesia and lime were considered to be pure MgO and CaO respectively. 

Table 3: Refractory and slag flux systems used in models. 
System number Refractory Flux

1 Magnesia Lime
2 Magnesia Doloma
3 Doloma Lime
4 Doloma Doloma

The final slag basicity ((CaO+MgO)/SiO2) for the Mixing Method processes ranges between 2.0 
and 2.5. The natural basicity (no fluxes added) of the slag is 0.45. The basicity range used in the 
evaluation was between these two limits (0.45 to 2.5). 

Thermochemical Modelling Results 
Reaction Products 
The alloy silicon content decreases with an increase in the slag basicity. The reason for this is 
that, as more flux is added, the activity of SiO2 in the slag decreases. This promotes further 
reduction of the chromite with Si (to form SiO2). Although a Si content of 1.5% is acceptable, 
1.0% Si was chosen as the target at equilibrium, in order to compensate for process variability. 
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Figure 2: Alloy Si content and solid oxide content as a function of slag basicity (T = 1750ºC) 
For a lime fluxed slag, the targeted 1% Si is reached above a basicity of 1.5. Above a basicity of 
2.0 a solid metal oxide (MO), consisting of mostly MgO (~95%) and Cr2O3 (~4%), starts 
forming. For a doloma fluxed system, the 1% Si is again reached above 1.5, but the solid MO 
already starts forming slightly above a slag basicity of 1.0. An operating basicity between 1.5 
and 2.0 would therefore be preferable for a lime fluxed slag, considering the reaction products 
only. For a doloma fluxed slag, operating above a slag basicity of 1.5 may result in a high 
viscosity slag due to the presence of the solid MO phase. These results are shown in Figure 2. 

Slag Liquidus Temperature
A plot of the slag liquidus temperature (Figure 3) shows both the lime and doloma fluxed slags 
to have liquidus temperatures within the required 1550 to 1700ºC range between slag basicities 
of 1.68 to 1.90 and 1.07 to 1.23 respectively. Using a slag within these ranges would therefore 
ensure that the slag is fluid enough to be handled with ease, without having an excessively high 
superheat. 

Figure 3: Slag liquidus temperatures for lime and doloma fluxed slags 
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Refractory-Slag Interaction 
The commercial furnace will operate with a slag freeze lining on the refractory hot face. This is 
achieved by water cooling of the furnace shell. However, at times the freeze lining may be lost 
when it breaks off from the refractories due to thermal shock, or it may be worn away during
periods of poor control. While the freeze lining is being re-established, the turbulence in the slag 
bath may cause the refractories to be exposed to slag with a temperature near the process 
temperature. 

Modelling the interface between the slag and refractory is complex, as it is effectively a layer 
with a thickness of one molecule. This also does not take into consideration the effect of stirring, 
which continually replaces the slag on the interface with bulk slag. A more sensible way of 
modelling the potential refractory wear is by considering the maximum solubility of the 
refractory in the slag. The equilibrium slag products from the modelling were added (in new 
models) to 100 g of magnesia refractory. The liquid slag addition limit was chosen to be 100 g, 
as the mass of slag in contact with the refractory is not expected to exceed the mass of solid 
refractory at the refractory-slag interface. 

The equilibrium amount of solid oxide material should be equal to or more than the 100 g of 
refractory that was initially added to the system. This indicates that the refractory is not absorbed 
into the slag and remains solid. For the systems with magnesia refractories (Systems 1 and 2), the 
solid MgO was also plotted. This is an important measure, as the total solid oxides can be high 
due to the precipitation of other oxides, even though the MgO from the refractory is being eroded 
by the slag. The results of the evaluation are shown in Figure 4. 

Figure 4: Solid oxides and solid MgO as a function of slag basicity for refractory slag systems at 1750ºC (100 
g initial refractory and 100 g slag added). 
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The curves in Figures 4.3 and 4.4 show that the equilibrium amount of solid oxides in the system 
never exceeds the 100 g of refractory that was added for slag in contact with a doloma refractory.
In fact, it was found that approximately 14% of the refractory would have been taken into 
solution at the process temperature. Doloma refractory is therefore not suitable for use in this 
basicity range and temperature. 

The results from Figures 4.1 and 4.2 were much more encouraging. For the lime fluxed slag, the 
total solid oxide and solid MgO contents exceed 100 g at basicities of 1.65 and 1.90 respectively. 
For the doloma fluxed slag these values are 1.35 and 1.48 respectively. Comparing these results 
to the liquidus temperatures plotted in Figure 3, one can see that the ranges overlap for the lime 
fluxed slag between 1.68 and 1.90, while there is no overlap for the doloma fluxed slag. Of the 
systems evaluated, the only suitable alternative is therefore a lime fluxed slag in contact with a 
magnesia refractory. 

Operation 
Although the furnace in the LFFM is operated on a continuous basis, the slag and alloy undergo 
distinct compositional changes with time, and is therefore classified as a semi-batch processes. 
As exothermic reactions take place in the LFFM LC FeCr furnace, control is somewhat more 
complex than for the Mixing Method processes. The control of the energy balance is therefore 
crucial for maintaining the integrity of the refractory lining. The feed ratio and power input are 
adjusted throughout the heat to maintain a constant energy balance and process temperature. 

Deciding on when to feed the different raw materials in the LFFM process is probably the 
greatest challenge of the entire operation. Feeding all of the ore-lime mixture at the start of the 
batch will result in a slag with a high liquidus temperature, which will likely solidify in the 
furnace. However, feeding the FeSiCr at the start of the batch poses a severe risk to the 
refractory integrity.  

FactSage models, with slag and alloy at equilibrium, show the magnesium metal content to be 
extremely high when gradually adding the ore-lime mixture to liquid FeSiCr (Figure 5). 
Although some of the Mg may originate from the slag, it is equally likely to come from the 
refractory. A balance therefore needs to be found between maintaining the integrity of the 
furnace refractory, while having a liquid slag. 
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Figure 5: Metallic magnesium and silicon contents for basicities of 1.0 to 2.5 when adding ore-lime mixture to 

FeSiCr. 
 
In practice, this requires a calculation of how much of the ore-lime mixture can be heated and 
melted by the exothermic energy from silicothermic reduction. This fraction of the ore-lime 
mixture should be fed at the end of the batch (after the FeSiCr), while the balance of the ore-lime 
mixture should be fed at the start of the batch. There should therefore be as much as possible of 
the ore-lime mixture in the furnace before feeding the FeSiCr. The Si would then preferentially 
react with the metal oxides from the ore, instead of the MgO in the refractory. Feeding the 
FeSiCr close to the centre of the furnace would be preferred to side feeding for two reasons. 
Firstly, contact between molten FeSiCr and the sidewall is limited and secondly, feeding close to 
the arc will improve reaction kinetics. Where the Mixing Method relies on the momentum 
imparted by the cocktailing process to ensure good contact between the reactants, the LFFM 
relies on the momentum from the electrical arc, as well as the large slag-metal interface in the 
furnace (relative to that of a ladle). 
 

Conclusions  
The Furnace Method, in particular the Liquid Feed Furnace Method, provides a saving in the 
electrical energy requirement when compared to the Mixing Method processes.  
 
For both doloma and lime fluxed slags, the required alloy Si content (1%) is achieved above a 
slag basicity of 1.5. However, the doloma slag only has a liquidus temperature within the 1550 to 
1700ºC range between slag basicities of 1.07 and 1.23. Doloma fluxed slag is therefore not 
suitable for producing low carbon ferrochrome. A lime fluxed slag has a liquidus temperature 
within the required 1550 to 1700ºC range for a slag basicity range of 1.68 and 1.90. The slag is 
also compatible with a magnesia lining between a slag basicity of 1.65 and 1.90. This system 
therefore has a suitable basicity range within which to operate. 
 
Doloma refractories can also not be used for the production of low carbon ferrochrome at the 
required operating temperature, as approximately 14% of the refractory was found to be taken 
into solution at a process temperature of 1750ºC.  
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Abstract 
The steadily growing demand for critical metals and their price increase on the world market makes 
the mining of marine mineral resources in the not too distant future probable. Therefore, an enor-
mous focus lays currently on the development of a viable process route to extract valuable metals 
from marine mineral resources such as polymetallic nodules. For a country with few natural re-
sources like Germany, the industrial treatment of marine mineral resources could lead to a signif-
icantly decreased dependence on the global natural resource market. The focus during treatment
of these nodules lies on the pyrometallurgical extraction of Ni, Cu and Co on one hand as well as 
the generation of a sellable ferromanganese and/or silicomanganese product on the other. All work 
is conducted in lab-scale SAF furnaces. The concept approach is zero-waste, which includes care-
ful slag design, so that the produced slags adhere to environmental restrictions.

Introduction 
The exploitation of manganese nodules from the deep sea has once again become a political and 
economic topic in recent years. Many countries have purchased exploration rights for territories in 
the equatorial pacific (“Clarion Clipperton Zone”; see Figure 1) south of Hawaii from the Interna-
tional Seabed Authority (ISA). The focus of the processing of these nodules lays on the extraction 
of the industrial metals nickel, copper and cobalt. The nodules would serve as an enormous reserve 
for these metals, since they are found in relative abundance in many areas in the world’s oceans. 
For example, nodules in the Clarion Clipperton Zone alone constitute an estimated reserve of up 
to 290 million tons of nickel and up to 60 million tons of cobalt. These estimated amounts currently 
surpass common land based reserves in mines for nickel, cobalt and manganese [1,2]. Addition-
ally, other valuable metals such as Molybdenum and Vanadium are found in relatively high con-
centrations. 
Much of the current research builds on findings and results from the 1970s [3–5]. Most researches 
only focus on hydrometallurgical approaches, since energy consumption to dry the 20 – 40% mois-
ture-containing nodules is high. In the 1970s four processes emerged, which were considered via-
ble to extract metal values from ocean nodules [3–6]: 

(1) Reductive ammonia leach [7,8] 
(2) High-pressure sulfuric acid leach [9] 
(3) Reduction and hydrochloric acid leach [10] 
(4) Reductive smelting and sulfuric acid leach [11] 
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Figure 1. Deep-sea nodule exploration license areas to different coun-
tries in the Clarion Clipperton Zone in the pacific and impression of 
nodules on the seabed at 4000-6000 m depth (top). [12] 

The research presented in this paper solely focuses on pyrometallurgical processing methods and 
follows a similar processing route as presented by Sridhar et al. [11,11,13]. A simplified processing 
scheme is illustrated in Figure 2. The nodules are first dried and pre-reduced in a rotary kiln at 
1000°C and charged in to an Electric Arc Furnace. The first reduction step reduces an FeNiCuCo 
alloy at 1400°C, which is further converted to remove the iron content. The MnO, FeO containing 
slag is further reduced to produce ferro-manganese. The converter slag may be used to adjust the 
FeO/MnO ratio in this step. Thus, creating a nearly zero-waste process, if the produced slags are 
suitable for further use. 
More than 95% of the nickel, copper and cobalt are reduced into this metal phase. The alloy only 
constitutes 6 to 8.5% of the original dry nodule weight. Herein lies the first advantage of a pyro-
metallurgical processing option. The hydrometallurgical routes struggle with low concentrations 
of valuable metals in solution after leaching, resulting in complex solvent extraction processes 
needed to obtain solution suitable for electro winning. In the proposed pyrometallurgical option, 
the target metals are concentrated by a factor > 20 and may be sold to existing industries. The 
second main advantage of the pyro route is the production of a sellable manganese product. No 
hydrometallurgical options generate manganese, which however makes up nearly half of the nod-
ules content (as oxide, moisture free). The chemical composition of nodules from the German 
license area is given in Table I. 
Polymetallic nodules are composed of complex MnxOy•SiO2 and FexOy(OH) minerals with min-
eral particles below 1 μm [5]. Ni, Cu, Co and Mo are found in the manganese- or iron-oxide matrix. 
Therefore, beneficiation with classic techniques (density separation, floatation etc.) to generate a 
metal bearing concentrate, which could be directly used in existing industries, is not possible mak-
ing direct metallurgical treatment necessary. 
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Figure 2. Simplified pyrometallurgical process for the extraction of 
metal values from polymetallic nodules 

Thermo-chemical Models in FactSage™ 6.4 
Thermodynamic models present a great advantage to research of the 1970s and allow the theoretic 
verification of process routes, which were developed in the past. FactSage™ is a complete ther-
mochemical modelling program with many different applications e.g. phase diagram calculation, 
thermodynamic chemical reaction calculations, predominance as well as EpH modelling. The 
Equilib mode uses Gibbs free energy minimization calculations to simulate the reactions of differ-
ent reactants to reach a state of chemical equilibrium and therefore allows the modelling of phase 
equilibria. It employs a vast variety of thermodynamic databases of pure substances and solu-
tions. [14] 

Table I. Average chemical composition of nodules from the German 
license area [wt.-%] (wet basis; ~ 20 wt.-% LOI as water) 

Mn Ni Cu Co Mo V Fe Si Al Mg Ca Zn

31 1.4 1.2 0.16 0.06 0.06 6.2 5.9 2.3 1.9 1.6 0.15

MnO NiO CuO CoO MoO3 V2O5 FeO SiO2 Al2O3 MgO CaO ZnO

40.02 1.73 1.46 0.20 0.09 0.11 7.98 12.62 4.35 3.15 2.24 0.19

The FactSage™ models consider 15 elements as simple oxides (MnO, FeO, SiO2, NiO, etc.). Trace 
elements (< 500 ppm) were not taken into account in the calculation to simplify the model. Figure 
3 shows the relevant slag system for the first smelting step, a quasi-binary phase diagram of the 
main oxides is depicted.
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Figure 3. Quasi binary phase diagram of the five main oxides (MnO, 
SiO2, FeO = 12 wt.-%, Al2O3 = 6 wt.-%, MgO = 5 wt.-%) 

The x-axis shows the correlation of varying MnO/SiO2 ratio and resulting equilibrium phases and 
the liquidus surface. The autogenic slag composition (compare Table I) is also indicated. The 
model predicts a liquidus temperature of approximately 1540°C, which was verified experimen-
tally in DTA/TGA trials. In the first reduction step (see Figure 2) the main separation of valuable 
metals from the manganese stream is conducted. However, in a temperature range above 1500°C 
carbothermic reduction of MnO is significant. This results in high Mn concentrations in the first 
alloy and subsequently Mn loss for the FeMn reduction, which needs to be minimized. 
Silica flux may be added to decrease the liquidus temperature of the slag to values below 1400°C. 
Different models were created in the “Equilib” mode of FactSage 6.4 to assess silica addition on 
the first reduction step. The addition of carbon as reductant was varied according to the percentage 
theoretically needed to reduce all NiO, CuO, CoO, MoO3 and V2O5 up to the quadruple amount 
needed (~ 29g/kg oxides). The first model with no SiO2 results in a metal phase with approximately 
6.1 wt.-% Mn at 300% C addition. Here the reduction temperature was set at 1650°C (roughly 
100°C above liquidus). In comparison, at a MnO/SiO2 ratio of 1 reduction temperature may be 
reduced to 1400°C, which results in an Mn content in the alloy of ~2 wt.-%. The target metals Ni, 
Cu, Co, Mo are reduced with recoveries > 95% at MnO/SiO2 of 1. Yet, with no flux addition Cu 
recovery is only about 84%, indicating potential metal loss to the slag. Vanadium is not reduced 
in this step, but remains in the slag at equilibrium composition. The reduction of iron may not be 
avoided thermodynamically, resulting in ~ 51 wt.-% in the alloy. 
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Similarly, the second reduction step of ferromanganese from the resulting slag was simulated and 
optimized using FactSage™ models. The ratio of (MnO+CaO)/SiO2 (i.e. basicity) was used to 
characterize the slag. Lime is used to form a calcium silica slag and thus minimize the co-reduction 
of Si, which is limited for most FeMn qualities to < 1.2 wt.-% [15,16]. Carbon additions were 
varied as well as the reduction temperature from 1500°C to 1800°C. As expected, Si co-reduction 
decreases with CaO additions and increases with the temperature. However, Mn reduction recov-
eries increase with the basicity of the initial slag mixture. Thus a trade-off between undesired Si 
reduction and maximized Mn recovery.  

Experimental Evaluation 
All experiments are conducted in a lab-scale DC electric arc furnace, which has a power supply of 
50 kW and a melt capacity of 6 liters. The furnace has a water-cooled copper bottom-electrode and 
a 5 cm diameter graphite top-electrode. The first melting and reduction experiments were con-
ducted in an alumina-chromia castable lining, which proved very stable against the slag and is 
suitable for temperatures up to 1800°C. The reduction of ferromanganese from the resulting slag 
was carried out in graphite crucibles. 
For the first reduction experiments, nodules were ground (< 0.5 mm) and pelletized with different 
SiO2 additions. The pellets were charged into the preheated lab EAF, during charging the furnace 
was run with an open arc. Once all pellets (~ 3 kg/trial) the graphite top-electrode was submerged 
into the liquid slag and held for 15 minutes (SAF operation). The solidified slags were broken up, 
mixed with varying CaO amounts, and charged once again into the preheated graphite crucible. 
For the reduction in SAF operation the electrode was submerged for 1.5 hours into the slag. During 
all trials, slag samples were taken in intervals and analyzed via XRF analysis. 

Reduction of FeNiCuCo alloy 
The alloy predicted in the models makes up approximately 7% of initial oxide input weight. Ex-
perimentally, metal weights of 5 to 8% of input weight were obtained, proving thermodynamic 
models. A phase distribution comparison between FactSage™ models and experimental results is 
given in Figure 4. 

Figure 4. Phase distribution comparison of experimental values and 
model results (MnO/SiO2 = 1, at a carbon addition of 200%)
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The average metal composition of three different initial slag compositions is given in Table II. As 
may be seen Mn content in the alloy decreases dramatically when adjusting the MnO/SiO2 ratio of 
the slag. Differences in smelting and reduction temperature were also observed and correspond 
well with liquidus data simulated in FactSage™. The tapping temperature for smelted nodules with 
no flux addition was between 1600 and 1650°C, whereas tapping temperatures with silica flux 
could be decreased to values between 1350 and 1450°C. 

Table II. Comparison of alloy compositions after the first reduction step 
[wt.-%]

MnO/SiO2 Fe Ni Cu Co Mo Mn

3.2 54.3 13.4 9.1 0.7 0.5 18.5
2 62.4 17.0 12.7 1.9 0.7 2.2
1 60.4 17.8 10.8 2.0 0.6 2.5

Reduction of FeMn from slag 
For the reduction of ferromanganese a slag with 47.4 wt.-% MnO was generated from a larger trail 
series with an adjusted MnO/SiO2 ratio of 2 in the first melting and reduction step. The full chem-
ical analysis of the slag is given in Table III. A value for the basicity was established to describe 
the reduction step: 

(1) 

The autogenic slag possesses a basicity value of 1.63. This highlights the challenge for the FeMn 
reduction from this slag, when compared to standard manganese ores; whereas the Mn content of 
the slag is comparable to low-grade manganese ores (B = 3…17) [17], the basicity (i.e. silica con-
tent) of the slag is significantly higher (i.e. more acidic). Thereof arises the need for CaO flux to 
hold Si in the slag. 

Table III. Chemical composition of slag for FeMn reduction [wt.-%]

MnO SiO2 FeO MgO Al2O3 TiO2 CaO V2O5 P2O5

47.4 31.0 3.5 4.0 5.1 0.58 3.0 0.11 0.41

Due to limited supply of nodules and therefore limited amount of slag, initially four trials could be 
conducted. The results are illustrated in Figure 5. The basicity was increased (2.4, 2.6, 2.8 and 3.0)
for this trial series. As can be seen from Figure 5 the lowest Mn content in the final slag may be 
achieved with the highest CaO additions. 
The metal phases showed a manganese content of > 85 wt.-% in initial XRF analysis. However, 
analysis of carbon content is yet outstanding. Fe content in the alloy is ~ 8 wt.-%, which is inside 
requirements for FeMn. Yet, titanium as well as vanadium content in the reduced metal is prob-
lematic with contents ~ 1.3 wt.-% and 0.4 wt.-% respectively. The control of these metals will be 
subject to further studies. The phosphorous contents on the other hand was not significant and 
below 0.1 wt.-%. Reduction temperature during SAF operation varied between 1600 and 1800°C 
as was calculated in the simulations.  
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Figure 5. Correlation of Mn content in the slag during reduction versus 
time (in SAF operation) and basicity 

Summary 
The first experimental investigation into the described pyrometallurgical process for polymetallic 
deep-sea nodules were successful. The trials have so far proven the technical feasibility of the 
process developed mainly in the 1970s. Additionally, this study has shown that there are many 
advantages of thermodynamic modelling and that it may be used to verify metallurgical processes, 
which were developed in the past. The FactSage™ models allowed the calculation of the liquidus 
temperatures of the slag, which were close to experimental data, even though some simplifications 
had to be made in the models. The metal reduction was also successfully modelled in FactSage™ 
and the results could be proven in the experiments. Overall, it could be shown that by careful 
adjustment of the MnO/SiO2 ratio it is possible to separate most of the manganese content of the 
nodules from metal values (i.e. Ni, Cu, Co). The use of an electric arc furnace to melt and separate 
the two phases has many advantages and could be easily adapted to an industrial scale. 
The initial experiments on the reduction on ferromanganese from the slag produced in the first 
reduction step showed that the production of a sellable manganese product from deep-sea nodules 
is possible. However, further studies are needed to adjust the slag to produce FeMn that adheres 
to FeMn standards. The option of the production of SiMn as well as FeMn in a two-stage reduction 
step will also be investigated. Additionally, further studies on the entire process are planned in the 
future since the investigation of the conversion of the FeNiCuCo alloy is outstanding. Furthermore, 
a scale-up of the process from lab-scale is planned. 
Overall, the advantages of the pyrometallurgical processing route compared to hydrometallurgical 
options are described and proven by the experimental trails. The valuable metals are easily sepa-
rated and concentrated from the manganese stream. The advantage of the production of a manga-
nese product from polymetallic deep-sea nodules are also outlined. However, the exploitation of 
these nodules remains a political topic, but could offer decreased dependency on raw material 
imports, which will be especially important for raw material import-dependent countries like Ger-
many.  
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Abstract 
 
The current liquidus surface and phase equilibria established in air for fluxed titaniferous 
magnetite (titanomagnetite) slags conforming to a composition of 37.19% TiO2, 19.69% SiO2, 
13.12% Al2O3, and 30.00% of various ratios of CaO+MgO were reviewed at applicable PO2 
using FactSage simulation and phase composition of a real plant titanomagnetite slag.  The 
testwork included the incorporation into FactSage of a private MgTi2O5-Al2TiO5 pseudobrookite 
solution model.  The results of the investigation showed that the liquidus surface and Ti3+/ Ti4+ 
mass fraction ratio increased with decreasing the PO2.  At low PO2, perovskite crystallizes as a 
primary phase at high CaO content.  The spinel solution, i.e. (Mg)(Al,Ti)O4, generally 
crystallizes as the primary phase at high MgO contents, though it is replaced by MgTi2O5-
Al2TiO5 solution at PO2 of 10-10 atm to 10-15 atm.  An intermediate equilibrium phase diagram 
established at PO2 of 10-16 atm is proposed.  This phase diagram does not show the observed 
primary phase crystallization competition, however, the phase composition of a real 
titanomagnetite slag produced by Evraz Highveld Steel and Vanadium Corporation in South 
Africa does show primary phase crystallization competition between (Mg)(Al,Ti)2O4 and 
MgTi2O5-Al2TiO5.  Smelting involving such slags is likely conducted around the transition PO2, 
i.e. PO2 of about 10-16 atm.  Complex modelling with MgTi2O5, Al2TiO5 and Ti3O5 end members 
and experiments are underway to verify and update the intermediate phase diagram. 
 

Introduction 
 
Titanomagnetite is typically smelted in the presence of fluxes such as silica, dolomite and/or 
limestone, to produce a valuable high vanadium pig iron metal and a valueless TiO2 (titania) 
bearing slag.  The titanomagnetite slags conform to the TiO2-SiO2-Al2O3-MgO-CaO system and 
contain between 20 and 40% TiO2 [12-3].  Several complex processes have been proposed for 
processing low-titania resources, including titanomagnetite slags, to marketable titania materials 
[4-567].  To date, these processes have not been implemented because they are not economically 
viable and produce insufficient TiO2 grades to qualify as titania products [8].  A titanomagnetite 
slag with the right chemistry for subsequent TiO2 recovery is desired. 
 
Zhao et al [9] reviewed phase equilibria in the TiO2-SiO2-Al2O3-MgO-CaO system applicable to 
blast furnace ironmaking slag, i.e. <10% TiO2, at carbon saturation, and found crystallization of 
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reduced titanium species (Ti3+) in the pseudobrookite primary phase. Jochens et al [10]
established an equilibrium phase diagram in an air atmosphere (referred to henceforth as “current 
phase diagram”) for titanomagnetite slags that conform to a composition: 19.69% SiO2, 13.12%
Al2O3, 37.19% TiO2 and 30.00% of various ratios of CaO+MgO. This is shown in Figure 1. The 
composition is typical of a slag produced from dolomite-fluxed smelting of South Africa’s 
Bushveld Complex titanomagnetite.  The primary phases in the phase diagram are perovskite 
(CaTiO3) and a pseudobrookite solid solution (MgTi2O5-Al2TiO5) at high CaO and MgO, 
respectively [10].  As a consequence of the current phase diagram having been established in air, 
the presence of reduced titanium species such as Ti3+ reported by Zhao et al [9] are not included 
in the work of Jochens et al [10].  This is relevant since titanomagnetite slag is produced under 
very reducing conditions rather than in air.   

The focus of the current study was thus to use FactSage thermochemical modelling software[11] 
to review the equilibrium phase diagram, produced by Jochens et al [10], at a range of PO2

applicable to fluxed reductive smelting of titanomagnetite.  This involved thermodynamic 
modeling for the development of a private MgTi2O5-Al2TiO5 solid solution database on 
FactSage, as well as the employment of the FactSage software to build on the work of Jochens et 
al [10] by implementing applicable PO2 in the same slag compositions.  The scope of work also 
included the examination of a real plant titanomagnetite slag composition.

Figure 1: Equilibrium phase diagram in air for the slag system: TiO2 = 37.19%, SiO2 = 19.69%, 
and Al2O3 = 13.12, at varying proportions of CaO (30-%0) and MgO (0-30%)

Thermodynamic modelling 

The latest version of FactSage (7.0) used in the current work contains data for all the essential 
compounds, including pseudobrookite-type compounds such as karrooite (MgTi2O5) and tialite 
(Al2TiO5). However, Al2TiO5 was not modelled as a component in the custom pseudobrookite 
solution. A private pseudobrookite solution database for MgTi2O5-Al2TiO5 therefore needed to 
be developed and subsequently incorporated into FactSage. In this first stage of the multi-stage 
study, although it is expected to be an important endmember under reducing conditions, Ti3O5

was not modelled as a component of the private MgTi2O5-Al2TiO5 solution.
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In the development of the private MgTi2O5-Al2TiO5 solid solution database, regular or non-ideal 
mixing of the respective pseudobrookite-type compounds was adopted to describe the 
thermodynamic properties of the solid solution [12].  The MgTi2O5-Al2TiO5 solid solution is 
considered to be composed of cationic sublattices A and B, and an anionic (O2-) sublattice C.  A
random distribution of Mg2+, Ti4+ and Al3+ in the cationic sublattices at high temperatures is 
assumed [12-131415].  The current modelling of MgTi2O5-Al2TiO5 followed a successful approach 
implemented by previous researchers in modelling related pseudobrookite-type solutions [16,
17].  The same model is adopted in which the MgTi2O5-Al2TiO5 solution is taken as 
� � � � 5
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The thermodynamic properties of all compounds listed in Table 1 (from Pelton et al [17] and the 
FactSage compound database [11]) are considered to be the most reliable estimates of the true 
data.  In equation (2), 0

52OMgTiG for the real component is obtained from Table 1. 

Table 1.  Thermodynamic properties of the reviewed compounds 
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A = Enthalpy B= Entropy a b c d e
TiO2(s) (298-2130 K) -944750 50.460 77.838 -33.678 4.0294
Ti2O3(β)a (470-2115 K) -1519375 80.529 169.96 16.096 -750.22 -15.655
MgO(s) (298-3098 K) -601500 26.951 61.110 -6.2115 -296.20 0.0584
Al2O3(s) (1200-2327 K) -1656864 52.300 -787.52 0.06588 2638.2 0.0007
MgTi2O5(s) (298-1930 K) -2504887 137.34 232.58 -56.608 -755.50 5.8214
Al2TiO5(s) (298-2500 K) -2577174 128.45 249.29 -48.061 -1350.1 5.1603

The combination of the pseudocomponents is such that the solid solution is always electrically 
neutral.  The pure Al2TiO5 compound is thus assumed to be an ideal equimolar mixture of Al3O5

-

and AlTi2O5
+, as is demonstrated by the following expression [16, 17]: 
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The value of 0

52TiOAlG  is also obtained from Table 1.  The Gibbs energies of the components and 

pseudocomponents of the solid solution are further related by the following exchange reaction: 
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'a and 'b are the adjustable empirical parameters of the model [16].  The standard Gibbs energy 
of one of the three pseudocomponents may be assigned an arbitrary value, followed by 
calculation of the other two from equations (2) and (4) and substitution into equation (1).  The 
Gibbs energies of the four endmembers are then expressed in terms of the Gibbs energies of real 
components MgTi2O5 and Al2TiO5 [16, 17]. In equation (1), an additional excess Gibbs energy 
term, EG , was included to account for solution non-ideality and is given as [17]: 

� �� �� � 2/21 xxxcG E 

�      (5) 
where c is an empirical parameter.  According to this expression, one binary interaction exists 
between Mg2+ and Al3+ on the A-sublattice when the B-sublattice is occupied by Ti4+.
The thermodynamic model information generated here was incorporated into the FactSage 
software in order to produce a private MgTi2O5-Al2TiO5 solution database.  To achieve this, the 
Gibbs energy expressions of the four respective endmembers and the EG data were entered into 
the Gibbs energy minimization system (Compound Energy Formalism (CEF)) and the Redlich-
Kister polynomial in FactSage to account for the ideal and the excess mixing respectively. 

Methodology 

The FactSage predictions were completed using the compositions and conditions that were used 
during the development of the current phase diagram.  In this study, the PO2 was varied between 
air or 0.21 atm (used by Jochens et al [10]) and 10-16 atm, a PO2 deduced from the Ellingham 
diagram for the reduction of V2O3 to metallic V at a titanomagnetite smelting operational
temperature of 1500°C (an estimate, as the operational PO2 is of course not exclusively driven by 
the PO2 for V metallization).  The modelling was conducted using the FactSage customary 
search databases, i.e. pure solids database FactPS and oxides database FToxid, as well as the 
private MgTi2O5-Al2TiO5 solid solution database developed according to the above procedure.  
The phase equilibria and thermodynamic data relating to the titanomagnetite slags were plotted 
using the ‘Phase Diagram’ and ‘Equilib’ modules of the FactSage software. 

The phase composition of a real plant titanomagnetite slag, viz. slag produced at Evraz Highveld 
Steel and Vanadium Corporation in South Africa (EHSV), was determined using Zeiss EVO® 
MA15 scanning electron microscope (SEM) coupled with a Bruker energy dispersive 
spectroscopy (EDS).  The phase composition of the real slag was then evaluated against the 
phase equilibria in the current and proposed equilibrium phase diagrams. 

Results and discussions 

The current equilibrium phase diagram, as well as the FactSage predictions, was selected to 
cover a range of titanomagnetite slag compositions that are likely to be achieved with fluxing 
with limestone, dolomite or magnesite.  As the first task of the current work, FactSage was used 
to reproduce the current phase diagram shown in Figure 1 [10].  The simulated phase equilibria 
(Figure 2) show that the liquidus temperature of the slags change from 1540°C at 30% CaO and 
0% MgO to 1480°C at 0% CaO and 30% MgO, passing through a minimum of 1305°C at 20% 
CaO and 10% MgO.  In terms of the liquidus surface, the current and simulated phase diagrams 
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are fairly comparable.  In terms of the phase equilibria, it appears that at high CaO levels there is 
agreement that CaO.TiO2 is the primary phase.  However there is a difference at higher MgO 
levels in that the FactSage simulation suggests that the primary phase is generally a titania spinel, 
a solid solution of (Mg)(Al,Ti)2O4 and (MgAl2O4-MgTi2O4), followed by Mg2SiO4 (or MgTi2O5-
Al2TiO5 at 3%CaO and 27%MgO and above), with MgTi2O5-Al2TiO5 forming as a ternary 
phase. This is in contrast with the current phase diagram, which shows that the primary phase is 
a pseudobrookite-type solid solution with stoichiometry 4MgTi2O5-Al2TiO5.  Thus, with 
dolomite flux alone, 4MgTi2O5-Al2TiO5 crystallizes as a primary phase, followed by forsterite 
(Mg2SiO4) with no prediction of the formation of the spinel. For the purpose of studying the 
effect of PO2 on the titanomagnetite slag liquidus surface and phase equilibria, the simulated 
phase diagram was accepted as a true reflection of phase equilibria of fluxed titanomagnetite 
slags in air.

Figure 2: Simulated equilibrium phase diagram at PO2 = 0.21 atm for the slag system: TiO2 =
37.19%, SiO2 = 19.69%, and Al2O3 = 13.12, at varying proportions of CaO (30-%0) and MgO 
(0-30%) 

Effect of PO2 on liquidus surface and phase equilibria 

The effect of PO2 on the liquidus surface of titanomagnetite slags was studied across the 
compositional range investigated by Jochens et al [10].  Figure 3 shows the liquidus temperatures 
plotted as a function of CaO/MgO ratio, i.e. MgO where CaO = 30-MgO, under varying PO2

concentrations.  It appears that the liquidus surface in the TiO2-SiO2-Al2O3-MgO-CaO system 
with a composition comparable to a fluxed titanomagnetite slag increases with decreasing the 
PO2.  This observation concurs with the findings of Nityanand et al [18] who studied the effect of 
TiO2 additions and PO2 on liquidus temperatures of some CaO-Al2O3 melts, and found that at 
low PO2 and high TiO2 contents there is a continuous increase of the liquidus temperatures.

The effect of PO2 was investigated further on the dolomite-fluxed titanomagnetite slag 
composition, which falls in the spinel primary phase field and is currently operated by EHSV.  
Figure 4 shows the changes of liquidus temperatures as a function of PO2 at fixed composition of 
the slag.  It appears that the spinel generally crystalizes as a primary phase, except at PO2 of 
between 10-10 and 10-15 atm where the primary phase is a pseudobrookite solution. 
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Oxidized titanium species, i.e. Ti4+, are readily reduced to lower-oxidation-state titanium species 
when subjected to high temperature reducing conditions applicable to ironmaking processes [9].  
The reduction of the Ti4+ has the potential of affecting the phase equilibria.  In the present work,
the effect of PO2 on the phase equilibria was simulated by monitoring the reduction of titanium 
species.  Figure 5 shows the Ti3+/ Ti4+ mass fraction ratio, i.e. the measure of the reduction of Ti 
species in the molten slag, plotted as a function of PO2 in the range of 0.21 atm to 10-16 atm.  The 
results predict an increase in Ti3+/ Ti4+ mass fraction ratio with decreasing PO2. This implies that 
by decreasing PO2 to the range applicable in titanomagnetite smelting, the phase equilibria of the 
slag will diverge from the phase equilibria developed by Jochens et al [10]. 

Figure 3: Effect of PO2 on the liquidus surface of the titanomagnetite slag of the composition: 
TiO2 = 37.19 g, SiO2 = 19.69 g and Al2O3 = 13.12 g, with varying proportions of CaO (30-0 g) 
and MgO (0-30 g) 

Figure 4: Effect of PO2 on the liquidus surface and phase equilibria of the (dolomite) fluxed 
titanomagnetite slag with the composition: TiO2 = 37.19 g, SiO2 = 19.69%, and Al2O3 = 13.12%, 
MgO = 14% and CaO = 16% 
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Figure 5: Effect of PO2 on the titanium reduction in the fluxed titanomagnetite slag with the 
composition: TiO2 = 37.19 g, SiO2 = 19.69%, and Al2O3 = 13.12%, MgO = 14% and CaO = 16% 

Proposed equilibrium phase diagram for titanomagnetite slags 

Figure 6 is proposed as a revised intermediate equilibrium phase diagram for predicting phase 
compositions of fluxed titanomagnetite slags that conform to a typical composition: 37.19%
TiO2, 19.69% SiO2, 13.12% Al2O3, and 30.00% of various ratios of CaO+MgO.  The proposed 
equilibrium phase diagram shows that the liquidus surface of titanomagnetite slags varies around 
an average liquidus temperature of 1570°C in the composition range of 30% CaO and 0% MgO
to 0% CaO and 30% MgO, passing through a minimum of 1370°C at 20% CaO and 10% MgO.  
It appears that at high CaO levels, the primary phase to crystallize is perovskite (CaO.TiO2), 
whereas at high MgO levels, the primary phase is a spinel solid solution, i.e. (Mg)(Al,Ti)O4. The 
proposed equilibrium phase diagram does not show the possible competition between primary 
phases, i.e. (Mg)(Al, Ti)O4 and MgTi2O5-Al2TiO5, that was observed previously. Modelling 
with Ti3O5 as a component of MgTi2O5-Al2TiO5 together with experimentation are required to 
verify and update the proposed liquidus surface and phase equilibria.

Figure 6: Proposed intermediate equilibrium phase diagram developed at PO2 of 10-16 atm for the 
fluxed titanomagnetite slags that conform to the reviewed composition
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Phase composition of a real plant titanomagnetite slag 

The phase composition data of a real plant titanomagnetite slag using the dolomite-fluxed slag 
produced by EHSV as a case study were required to examine the ability of the proposed phase 
diagram to predict the phase compositions of fluxed titanomagnetite slags.  The phase 
composition results of the EHSV titanomagnetite slag are shown in Figure 7.  The intensities and 
shapes of the crystals of pseudobrookite (MgTi2O5-Al2TiO5) and spinel [(Mg)(Al,Ti)O4] phases
in the real EHSV slag suggest that any of the two phases could have crystallized first directly 
from liquid phase.  From this data, it is still not clear which of the two phases is a primary phase.

The real EHSV titanomagnetite slag is produced under reducing conditions, which are essential 
for vanadium metallization.  According to Ellingham diagrams, the vanadium metallization PO2

of about 10-16 atm at 1500°C is near to the transition for crystallization of the (Mg)(Al,Ti)O4 and 
MgTi2O5-Al2TiO5 primary phases as shown in Figure 4. The EHSV phase composition concurs 
with the proposed phase diagram in Figure 6 in terms of spinel primary crystallization; however,
the phase diagram does not predict the possibility of MgTi2O5-Al2TiO5 crystallizing first. 

MgO Al2O3 SiO2 CaO TiO2 V2O5 FeO Total Phases
9 0.2 0.4 0.0 39.7 55.3 0.3 0.0 95.9 Perovskite
10 0.1 0.2 0.1 39.6 55.8 0.1 0.0 95.9 Perovskite
11 18.0 11.3 30.5 18.5 15.3 0.3 0.3 94.2 Non-crystalline
12 13.9 8.2 38.7 22.1 12.6 0.1 0.2 95.8 Non-crystalline
13 28.9 60.6 0.1 0.0 11.3 1.7 0.3 102.9 Spinel
14 28.9 63.0 0.2 0.1 8.0 2.3 0.2 102.7 Spinel
15 9.4 2.0 0.7 1.0 81.6 0.3 0.6 95.6 Pseudobrookite
16 8.9 2.1 0.3 0.7 82.3 1.1 0.2 95.6 Pseudobrookite
17 5.8 2.7 0.1 0.2 90.3 0.2 0.1 99.4 Pseudobrookite
18 9.3 1.8 0.3 0.3 86.6 1.9 0.0 100.2 Pseudobrookite
19 0.2 0.3 0.1 39.5 56.1 0.0 0.1 96.3 Perovskite
20 10.5 9.7 34.8 23.4 16.7 0.1 0.2 95.4 Non-crystalline
21 9.6 10.1 34.3 23.9 18.6 0.4 0.2 97.1 Non-crystalline
22 28.1 65.2 0.3 0.1 7.9 0.7 0.4 102.7 Spinel
23 27.6 62.5 0.5 0.2 9.2 1.4 0.4 101.8 Spinel

Figure 7: Typical backscattered electron images and EDS analysis results (mass%) of a 
titanomagnetite slag produced by EHSV
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Conclusions 

The following conclusions can be made: 
� Liquidus temperature and Ti3+/ Ti4+ mass fraction ratio, i.e. the reduction of Ti species, of

compositionally-matching titanomagnetite slags both increase with decreasing PO2

� At higher MgO concentrations, the spinel generally crystallizes as the primary phase, 
whereas at PO2 of between about 10-10 and 10-15 atm the primary phase may be a 
pseudobrookite-type solution.

� The proposed intermediate equilibrium phase diagram of titanomagnetite slags with the 
applicable chemical compositions is as shown in Figure 6. 

� When dolomite-fluxed smelting is conducted at PO2 of about 10-16 atm, the primary phase 
is either a spinel or a pseudobrookite.  This scenario was observed experimentally in the 
phase composition of the titanomagnetite slag produced by EHSV.

More complex modelling with MgTi2O5, Al2TiO5 and Ti3O5 endmembers together with 
experimental measurements are underway to verify and update the intermediate phase diagram 
generated in the present work. The liquidus surface and phase equilibria at various TiO2 grades 
should be investigated further to cover a wide range of titanomagnetite resources. 
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Abstract 

 
This work investigates the effect of slag composition in steel-slag and steel-inclusion reaction 
kinetics in silicon-manganese killed steels by using FactSage macros to simulate and predict 
inclusion composition and morphology changes during ladle treatment. Two different conditions 
of ladle treatment were simulated in regard to alumina and silica content in a basic slag. The 
simulated changes in inclusion chemical composition and phases, as well as total oxygen and 
dissolved aluminum in steel were compared. One experimental trial was made to simulate ladle 
steel-slag and steel-inclusion reactions using an induction furnace to simulate deoxidation and 
slag addition. The average steel mass transfer coefficient for the experimental setup was 
calculated from the analyzed aluminium pick-up by steel. Average inclusion composition was 
measured using Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy. The 
chemical compositions of the inclusions and the steel agreed with the FactSage macro 
simulations. 
 

Introduction 
 
The cleanliness of steel and its control have been the subject of several studies in the last 
decades, maintaining and developing a close relationship between universities and the steel 
industry. The presence of non-metallic inclusions in steel, their quantity, chemical composition 
and morphology are closely related to both upstream and downstream processability and to the 
properties of the final product [1]. The addition of Si and Mn at de-oxidation has been carried out 
due to the general benefits of their reaction products to the steelmaking processes: formation of 
low-temperature melting silicates, which can show high deformability during hot mechanical 
processing, reduction of  nozzle clogging during continuous casting, and less expensive raw 
materials [2]. However, the formation of high melting point and low deformability inclusions 
containing calcium, aluminum and magnesium in steel wire rod production has been reported. 
Secondary refining practices such as desulfurizing require alumina-containing top slags, due to 
the necessity of high sulfide capacity and compatible liquidus temperature with the temperature 
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of molten steel. Recent efforts made by van Ende et al. [3], Piva et al. [4] and Harada et al. [5] 
explore computational thermodynamic software and its ability of executing iterative calculations 
to predict the kinetics of reactions in steelmaking reactors. These kinetic models typically 
assume rate-limiting steps such as mass transfer to the steel-slag and steel-inclusion interface. 
The application of these kinetic models can provide information on the influence of steel and 
slag chemistry on the controlling mechanisms for inclusion modification, the extent and 
timescale of these reactions.  
The objective of this work is to experimentally assess the rate-limiting steps of the slag-based 
inclusion modification phenomena in Si-Mn killed steels and the effects of slag and steel 
chemistry on the chemical composition and morphology evolution of the non-metallic inclusions.  
Current literature does not present experimental assessment on the possible rate-determining 
steps for ,  and  pick-up in -  killed steels. This work is testing the possibility of 
steel and slag mass transfer to their common interface as the rate-determining steps for inclusion 
modification.  
 

Modeling of steel-slag reactions and inclusion composition changes 
 
The kinetic model used to predict the effect of basic slags in Si-Mn killed steels inclusion 
modification is based on the surface renewal theory [6]. The amount of mass of phase transferred 
to the interface is given by equation (1), where  is the transferred mass phase per timestep,  
is the mass transfer coefficient,  is the interface area between the two liquid phases and 

 is the density of the phase  
The viscosity of steelmaking slags is expected to be around two orders of magnitude larger than 
the viscosity of steel at 1600°C [7], therefore, molecular diffusivity is expected to be two orders 
of magnitude smaller in slags than in steels. Thus, the slag mass transfer coefficient is expected 
to be 10 times smaller than the mass transfer coefficient in steel. In the model, the interfacial 
concentrations of species in steel and slag are calculated by the local equilibrium between the 
transferred masses of steel and slag (equation (1)). The bulk phases are assumed to be well-
mixed, so the solute concentration changes at the interface eventually affect the compositions of 
the bulk phases (slag and steel). 
 

  (1) 
  

Mass transfer coefficients for these reactions can be obtained in the literature for ladle furnaces, 
taking in account the stirring power of these systems. The mass transfer coefficient can also be 
back-calculated from the measured dissolved aluminum pick-up in the steel bath: 
 

  (2) 

 
Nucleation and growth of inclusions are not considered as rate-determining steps for slag-based 
chemical composition modification, so it is assumed that the inclusion population will be in 
equilibrium with the composition of liquid steel (see Table I). 
The inclusion modification by slag in Si-Mn killed steels was predicted using FactSage 6.4 
macros, which communicate with Microsoft Excel to run iterative calculations. 

� The inputs of the model are: 
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o Total mass, chemical composition, density and mass transfer coefficients for steel 
and slag; 

� , where mass transfer coefficient for steel is calculated 

from the experimental results; 
� ,  

� Inclusion content and composition are given by equilibration in bulk steel; 
� The reacting masses of slag and steel at the interface are controlled by mass transfer, 

given by equation (1). 

� It is assumed that the bulk steel and slag phases are well-mixed, so the transferred 
elements from steel-slag reactions are added to the bulk phases for the next iteration of 
the model. 

� Inclusion flotation is simulated in the steel-slag equilibration step, since the inclusions 
contained in the reacting steel fraction are transferred to slag. 

The schematics of the model algorithm is shown in Fig. 1.  
 

 
Figure 1 - Schematics of FactSage-Excel kinetic model algorithm 

 
Results and discussions 

 
The utilization of high alumina, basic slags is expected to promote aluminum pick-up in steel for 
the conditions simulated. The simulation results are shown in Figs. 2 and 3. It is expected from 
the simulations that increasing aluminum concentrations in the steel will severely reduce 
manganese silicate inclusions, forming solid phases such as corundum and magnesium spinel. At 
longer times, a lower rate of consumption of dissolved silicon by aluminum pick-up results in 
pick-up of magnesium and calcium from slag, causing the formation of Ca and Mg-containing 
higher melting temperature phases such as CM2A8 and CA2. The overall composition shown in 
Fig. 3 shows the rapid reduction of Mn and Si from inclusions and the increase in Al, Mg and Ca 
concentrations in the inclusions. As the steel composition approaches equilibrium with slag, the 
inclusion composition is expected to asymptotically approach the equilibrium slag composition. 
In contrast to the utilization of high alumina slags, it is shown that less basic, low alumina slags 
maintain the inclusions liquid for the whole simulated processing time. Aluminum, calcium, and 
magnesium pick-up is much less than for high alumina slags, reflecting the higher silica activity 
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(hence giving less-reducing conditions for a given silicon concentration in the steel). The 
presence of silicon and manganese in the inclusion seem to persist throughout the majority of the 
process, and it is expected that the inclusions will retain low melting points.  
The decrease in inclusion content follows the same exponential decay as the total oxygen, which 
is attributed to flotation. Therefore, the oxygen decay is expected to follow similar kinetics to 
aluminum pick-up or desulfurization. The predicted decrease in total oxygen is shown in fig. 6. 
As expected, equilibrium aluminum content is higher for high alumina slags. The kinetics of 
oxygen removal do not change for the different cases. The time constant to approach 62.8% of 
equilibrium oxygen removal is approximately 500 s.  
Although the total oxygen is predicted to be similar through ladle processing for both cases, the 
higher silica activity in the less basic (high-alumina) slag contributes to both less aluminum 
pickup and less pick-up of Mg and Ca by the steel. The alumina content in the silicates will 
depend on the extent of aluminum pick-up during processing. The predicted evolution of 
aluminum in molten steel is shown in Fig. 7. 
 

Table Ia. Main parameters used in kinetic model: initial metal composition, contact area and 
mass transfer coefficients 

T 
(K) [%Mn] [%Si] [O]total 

(ppm) 
[S] 

(ppm) 
Interfacial 
area [m2] 

Steel mass 
transfer 

coefficient [m/s]  

Slag mass 
transfer 

coefficient 
[m/s] 

1873 1.25 0.25 100 20 7.07 5.61×10-3 [8] 5.61×10-4 
 

Table Ib. Ladle processing conditions considered in the simulations 
Mass of 
steel (t) 

Mass of 
slag (t) 

Argon flowrate 
(Nl min-1 t-1) 

Ladle 
diameter (m) 

Processing 
time (s) 

150 1.7 14 3 3600 

Table Ic. Initial slag composition (mass percentages) 
Slag (%CaO) (%SiO2) (%Al2O3) (%MgO) 

High alumina 47 8 35 10 
Low alumina 47 35 8 10 

Laboratory experiments were performed, for comparison with model results [4]. In the 
experiments, radio-frequency induction heating (maximum power 10 kW) was used to melt 
0.62 kg electrolytic iron in an MgO crucible (inner diameter 58 mm). The MgO crucible was 
contained within a graphite crucible which served as susceptor (heating element). After melting 
the iron, the melt contained approximately 400 ppm (by mass) of oxygen. The melt was 
deoxidized with silicomanganese and medium-carbon ferromanganese, to yield a Mn/Si mass 
ratio in the liquid metal of 5, with 0.25%wtSi. 182 grams of slag with similar composition as 
shown at Table Ib for high alumina was added after deoxidation. Steel samples were taken using 
a quartz tube of 4mm ID repeatedly within 5 minutes from each other. The inclusions in the 
sample were then analyzed using ASPEX Explorer Automated Feature Analysis using 10keV of 
beam energy, 48% spot size and 16mm working distance. Aluminum content was analyzed using 
ICP-OES. The results are briefly summarized in Figs. 8 and 9. The mass transfer coefficient for 
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steel was calculated from the analyzed aluminum with equation 3, then FactSage simulations 
using the calculated mass transfer coefficient were made. The simulation results agree with 
measured inclusion compositions, indicating that the assumption of steel-to-slag mass transfer 
limited inclusion modification. The approximate time constant for aluminum is calculated to be 
around 3400 s, which shows that the stirring conditions are much slower compared to a real 
ladle.  
 

 
Figure 2 – FactSage macro simulation results showing transient inclusion phases for Si-Mn 

killed steels with basic, high alumina slags 

 
Figure 3 – Overall normalized cation composition of transient inclusions shown in Fig. 2 
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Figure 4 – FactSage macro simulation results showing transient inclusion phases for Si-Mn 

killed steels with less basic, low alumina slags 

 

 
Figure 5 - Overall normalized cation composition of transient inclusions shown in Fig. 4 

 
Figure 6 – Predicted evolution of total oxygen content in steel for both high and low alumina 

slags 

122



 
Figure 7 – Predicted evolution of dissolved aluminum in steel for both high and low alumina 

slags 

 
Figure 8. Measured aluminum content of steel from laboratory experiments (data points), 

compared with modeled behavior for ksteel = 8×10-6 m/s [4] 
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Figure 9. Change in inclusion composition with time: measured (data points) and modeled 

(broken lines). Error bars show sample standard deviation. Zero time is when the slag was added 
[4]. 

 
Conclusions 

 
FactSage calculations show that steel-slag reactions can further modify inclusions and cause the 
formation of undesired solid phases inside the steel. The slag composition will change the 
transient inclusion phases. The pick-up of calcium and magnesium responds to changes in 
oxygen activity, caused by the rate of aluminum pick-up as well as changes in the Si-SiO2 buffer. 

Laboratory measurements and FactSage macro modeling show substantial changes in inclusion 
composition, from liquid manganese silicates to partially solid alumina-containing inclusions, as 
a result of steel-slag and steel-inclusions reactions. 
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Abstract 
 
As Al contents in Advanced High Strength Steels (AHSS) increase, the possibility exists that Al 
will reduce CaO and MgO from slag or refractory. Excessive Ca or Mg transfer would form solid 
inclusions that can cause nozzle clogging. This study documents experimental observations of 
reduction of CaO and MgO from slag and refractory in steels containing 2, 0.5 and 0.1 wt% Al at 
1600°C or 1700°C. Mg transfer was observed in all experiments, while Ca transfer was only 
noticed under certain conditions and less intense when comparing with Mg transfer. These 
observations were consistent with considering the rate of reaction to be controlled by Mg and Ca 
transfer from slag/crucible to liquid steel. 
 

Introduction 
 
    Careful control of alloying elements plays a significant role in achieving multi-phase 
microstructure in steels. For example, the content of alloying elements of Al and/or Si in 
TRansformation Induced Plasticity (TRIP) steels usually levels up to 2%. Si is added to prevent 
the formation of cementite, and Al is to substitute Si to improve the adhesion between steel 
surface and coating alloy.[1] Highly alloyed production of AHSS in existing manufacturing lines 
demands fundamental knowledge of the reactions of the reactive alloying elements in the molten 
state and the products they form such as the non-metallic inclusions. This is particularly the case 
for high Al TRIP steels because of the high driving force for reduction of oxides in the slag and 
refractories at liquid steel refining temperatures.  
    In industry, unintended changes on inclusion chemistries have been observed in steels where 
Al was added only for deoxidation and have been proved as a result of CaO and MgO reduction 
by Al in steel. CaO reduction from slag and further formation of solid calcium aluminate 
inclusions have been reported by Story[2] and Kaushik[3], prospectively. In Pretorius’s work, 
Al2O3 inclusions were modified to spinel (MgAl2O4) inclusions after MgO reduction[4] or to 
liquid Al2O3-CaO-MgO phases if there were both CaO reduction and MgO reduction[5]. 

    Pickup of Mg and Ca and subsequent inclusion modification has also been studied on the 
laboratory scale.[6,7] In both cases Al reduced Mg and Ca by the reactions 

[Al]steel + (MgO)slag = [Mg]steel + (Al2O3)slag                                       (1) 
[Al]steel + (CaO)slag = Ca +(Al2O3)slag                                            (2) 

However, both industry and laboratory scale studies were conducted only in steels at a relatively 
low Al level (approx. 0.04 wt%). With the increasing application of high Al steels, this work 
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focuses on the reduction of slag and refractories by high Al steel (0.1wt% to 2wt%). Inclusion 
modification after the reduction is discussed from both thermodynamic and kinetic perspectives.  
 

Experimental Approach 
 

    Laboratory experiments were conducted in which as steel samples were reacted with CaO, 
MgO double saturated slags and MgO crucibles in an induction furnace. Figure 1 shows a 
schematic of the experimental setup. The steel sample was contained in an MgO crucible, which 
in turn was surrounded by a graphite crucible. The graphite crucible acted as a susceptor to heat 
up and melt the steel sample. Two layers of Al2O3 insulating sheets were laid on MgO crucible 
top to reduce radiation loss and therefore controlled temperature gradient in liquid steel to about 
25°C. The reaction chamber that contained the magnesia and graphite crucibles was a fused 
quartz tube with Al2O3 insulating paper wrapped inside. The guidance tube was designed for 
adding slag and taking samples. 3mm diameter quartz tubes were used to take liquid steel 
samples through the guidance tube. The temperature was measured by a R-type thermocouple 
from the top.  
    Master alloys described in Table I were previously examined and found to contain 
predominately Al2O3 inclusions. 500g high Al steel sample mixed by these two master alloys was 
prepared for each experiment. Pure Al2O3 and CaO powder were mixed at the ratio of 
CaO/Al2O3=1 and then pre-melted to serve as master slag. Pure CaO powder and MgO powder 
were later added into master slag to make slag CaO and MgO saturated. Table II lists the initial 
slag composition and Al content in steel for all experiments. Expt.1, Expt.2 and Expt.3 were 
conducted to compare the effect of Al content on MgO and CaO reduction, while Expt.4 were 
only associated with Expt.1 to investigate the effect of reaction temperature. 
    Steel was heated up by about 10°C/min under high purity argon flow at the rate of 300mL/min. 
When reaching 1600°C, alloy was held at this temperature for 30min for homogenization before 
taking the first steel samples. Slag was then added onto the surface of liquid alloy through 
guidance tube. Samples were taken at various points by inserting a quartz tube into the steel and 
evacuating with a pipette. Each steel sample was quenched in cold water after taking out from 
induction furnace. The sampling and slag addition plan for each experiment is giving in Figure 2. 
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    Steel samples taken during experiments were then analyzed under scanning electron 
microscopy (SEM)/ energy-dispersive X-ray spectrometry (EDS), manually and automatically. 
Proportional inclusion ternary diagrams were plotted in mole fraction based on inclusion area. 
Total Al and Mg contents in steel for select experiments were measured by inductively coupled 
plasma mass spectroscopy (ICP-MS). Select slag compositions were measured at the end of 
experiments by x-ray fluorescence (XRF) spectroscopy. 
 

Table I. Master alloys served to make melts with different Al content 

No. Composition (in ppm unless 
otherwise stated) 

Inclusions 

 C Al (wt%) S Ca 
Majority 

type 
Number density 

(#/mm2) 
Area density 
(µm2/mm2) 

Alloy 1 4 0.019 10 <1 Al2O3 56 65 
Alloy 2 8 2.027 10 <10 Al2O3 28 115 

 
Table II. Reaction temperature, slag composition and Al composition design of each experiment 

No. Reaction 
Temperature Slag Composition Designed Al 

Composition 
Expt. 1 

1600°C 
CaO: 51wt% 

Al2O3: 39wt% 
MgO: 10wt% 

2 wt% 
Expt. 2 0.5 wt% 
Expt. 3 0.1wt% 
Expt. 4 1700°C 2 wt% 

 
Experimental Results 

 
    Figure 3 illustrates the change of steel composition with reaction time in Expt.1, Expt.2 and 
Expt.4. For all these experiments, Al level decreased continuously, while Mg content in steel 
increased. Total Ca was also measured but no detectable changes were observed.  

Figure 3. Steel composition in Expt.1, Expt.2 and Expt.4 
 
    The evolution of inclusion chemistry during the experiments is shown in Figure 4 to 
demonstrate the changes due to reduction of MgO from both slags and crucibles and the 
reduction of CaO from slags. In all experiments, inclusion chemistries showed to be stable after 
30min reaction and therefore only samples in the first 30min were presented. It was observed in 
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every experiment that Mg modified initial Al2O3 inclusions into either MgO�Al2O3 (spinel) or 
pure MgO, depending on steel chemistries. However, Ca transfer was only detected in 2wt%Al 
experiments, where complex CaO-Al2O3-MgO inclusions were observed. 
 
 0min 15min 30min 

Expt.1 
 

2wt%Al 
1600ºC 

   

Expt.2 
 

0.5wt%Al 
1600ºC 

   

Expt.3 
 

0.1wt%Al 
1600ºC 

   

Expt.4 
 

2wt%Al 
1700ºC 

   

Figure 4. Inclusion chemistries in each experiment 
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Discussion 
 

    Inclusions in all experiments were changed by reactions between Al in the steel and oxides in 
the slag and crucible. Despite occasional reoxidation during sampling, the changes of inclusion 
chemistries and the general increase of total Mg content in steel indicates that there was some 
extent of slag and refractory reduction in every experiment. The reduction behaviors were highly 
related to Al contents in steel and reaction temperatures, while the whole process was consistent 
with rate control by mass transfer of elements in liquid steel at either the slag/steel or 
crucible/steel interface. 
 
Effect of Al Content in Steel 
 
    Expt.1 to Expt.3 were three contrast experiments with different Al contents in steel. Upon 
addition of Mg-saturated slag to the 2 wt% Al alloy in Expt.1. A sufficient amount of Mg was 
transferred to stabilize MgO inclusions after 15 minutes. Ca appeared in the inclusions as well 
after 30 minutes steel-slag reaction. Figure 3 shows that decreased Al content corresponded to 
increased Mg in the metal during Expt.1. These observations were consistent with reduction of 
MgO from the slag and crucible along with CaO according to (1) and (2).   
    At an Al content of 0.5 wt% (Expt.2), Mg was found in inclusions but no Ca was detected. 
15min after slag addition, Mg content in spinel inclusions increased as the triangles represent 
inclusions moved closer to Mg corner in the corresponding ternary diagram in Figure 4. After 30 
minutes sufficient Mg was transferred to form MgO inclusions. Comparing with 2wt% Al 
experiment (Expt. 1), the gentler increase of Mg content in inclusions implies a delay of MgO 
reduction and Mg transfer in steel. 
    When content dropped to 0.1wt% (Expt.3), only spinel inclusions were observed and no Ca 
was detected. Reoxidation appeared to occur during slag addition, leading to an increase of Al 
content in inclusions in the 15min sample. But after 30min reaction, the spinel stoichiometry 
returned and was stable around afterward.  
    In short, less reduction of CaO and MgO occurred as Al content in steel decreased. CaO 
reduction by Al in steel was only observed as high as 2wt% Al level. The thermodynamic and 
kinetic analysis will be presented in following discussions.     
 
Effect of Reaction Temperature 
 
    In steelmaking practice, the temperature at steel-slag interface can be much higher than 
1600°C due to electric arcs among heating electrodes. Stronger reduction behaviors of both CaO 
and MgO were expected under locally higher temperature. Therefore, two experiments (Expt.1 
and Expt.4) were designed with 2wt%Al steel in different temperatures to study the effect of 
reaction temperature on these reduction behaviors.  
    By comparing inclusion chemistry diagrams in Figure 4, Mg transfer appears similar in Expt.1 
and Expt.4, as initial inclusions were all transferred into MgO inclusions in 15min after slag 
addition. The Al fade and the corresponding increase of Mg content in steel was much higher 
when reaction temperature increased from 1600°C to 1700°C. Figure 3 illustrates that there was 
more significant reduction of slags and crucibles in Expt.4 compared with Expt.1.  
    The increase of reaction temperature also showed faster Ca transfer from slag to steel. There 
were some amount of Ca-related inclusions detected as soon as 15min after slag addition in 
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Expt.4, while such inclusions was only observed in the 30min samples in Expt.1. After 30min 
reaction the average inclusion Ca content was higher than in Expt. 1.  To summarize, both CaO 
and MgO reduction occurred more rapidly and to a greater extent at higher temperatures.  
 
Kinetic Discussion 
 
    The above analyses indicate MgO and CaO reduction were enhanced with the increase of Al 
content and temperature. CaO reduction was only detected at 2 wt% Al while MgO reduction 
was observed at all Al levels. In addition, the Al and Mg concentration in steel showed large 
changes in the first 30min after slag addition but little change thereafter in Figure 3. All these 
suggest the rate of reduction is determined by mass transfer in the steel.  Assuming the bulk steel 
is well-mixed, there are three mass transfer processes to be considered – from the steel/slag 
interface, from the steel/crucible interface, and at the steel/inclusion interfaces.  The mass 
transfer fluxes for each step can be given by following equations. 

From steel/slag interface to bulk steel:                       �� � ���� ��
��� �������                       (3) 

From bulk steel to steel/inclusion interface:               �� � ���� ��
���� ������                       (4) 

    In above equations, i represents either Ca or Mg; ki is a mass transfer coefficient; Ai is an area 
for mass transfer; and ±(%iint-%ibulk) represents the mass transfer driving force. The interface 
concentration of an element can be calculated from steel/slag equilibrium. However, the bulk 
concentration is a dynamic variable that controlled by both step (1) and step (2). Therefore, ���� 
is an easier and more rational variable to study the mass transfer of the whole process. 
    For mass transfer at steel-slag/crucible interface, area for Ca transfer is only steel-slag 
interface while area for Mg transfer is the total of steel-slag interface and steel-crucible interface. 
The values of kMg and kCa are expected to be similar under the same reaction temperature. There 
was no induction stirring in present experiments due to the usage of graphite crucibles. Natural 
convention currents were minimized since temperature gradient in induction furnace was 
controlled within 25°C by applying insulating sheets. The mass transfer coefficient for a 
slag/steel reaction was measured by a separate desulfurization experiment in the same setup.  
Desulfurization rates were controlled by mass transfer in the steel to the slag/steel interface, 
consistent with other work.[8] The rate constant was found to be ���������. This value was 
assumed to hold for both Mg and Ca at the slag/steel and steel/crucible interfaces. 
    In all experiments, the observed inclusions were generally around the size of 1 µm diameter. 
Assuming inclusions as spheres, the total inclusion surface area can be thereby estimated from 
the inclusion volume fraction (assumed equal to the measured area fraction) of each experiment, 
which was at least 30 ppm. Due to the lack of intentional stirring, the liquid steel flow can be 
assumed in the Stokes regime and the mass transfer coefficient is � � � �, according to Brian 
and Hales work.[9] D is the diffusion coefficient of the mass transfer element. The diffusivity of 
Si in liquid iron are approximately ����������.[10] Assuming this is similar to those Mg and 
Ca, kMg and kCa for mass transfer at steel-inclusion interface can be estimated as ���������. 
    The kA values of each case are then calculated and listed in Table III. The value of kA for mass 
transfer to the inclusions is approximately two orders of magnitude larger that that of steel-
slag/crucible interface for Mg and approximately three orders of magnitude larger for Ca (they 
are different because Ca is transferred only from the slag while Mg is transferred from the slag 
and the crucible). In other words, it is expected that Ca and Mg transfer from slag and crucible to 
bulk steel controls the overall mass transfer behavior.  
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Table III. Comparison of (kA) values at steel-slag/crucible interface and steel-inclusion interface 

steel-slag & steel-crucible interfaces 

 k (m/s) A (m2) kA (m3/s) 

Mg ������ ������ ������ 

Ca ������ ������ �������� 

steel-inclusion interface 

 k (m/s) A (m2) kA (m3/s) 

Mg ������ ��������� ������ 

Ca ������ ��������� ������ 

 

Conclusions 
 

    The behavior of CaO and MgO reduction and subsequent inclusion changes were studied in Fe 
containing 0.1, 0.5, and 2 wt% Al. Laboratory experiments were conducted to evaluate the 
effects of Al content in metal and reaction temperature. The thermodynamics and kinetics of the 
reduction and inclusion formation were discussed and the following conclusions were obtained: 

1. MgO and CaO reduction occurred in a 2 wt% Al alloy and inclusions evolved from Al2O3 
to MgO to (Ca, Mg, Al)-containing inclusions. MgO reduction also occurred at 0.5 wt% 
to 0.1 wt% Al, but no Ca reduction was observed in either of these cases. 

2. At 2 wt% Al and 1700°C, more Ca and Mg was transferred and rates were faster 
3. By comparing the characterized kA value in mass transfer equations, Ca and Mg transfer 

from slag/crucible to bulk steel is the most likely controlling step for the overall 
slag/crucible reduction and inclusion formation behaviors. 
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Abstract

Inclusion content minimization is key in the production high quality steels. This is typically 
achieved through approaches ranging from preventing inclusion formation via process control to 
optimising process conditions to remove any inclusions that form. Inclusion removal from steel 
is generally through reaction with a slag. The inclusion transfers across the steel-slag interface to 
dissolve in the slag. This transfer process is primarily a dynamic interfacial tension/wetting 
driven process the CaO-Al2O3-SiO2-
(MgO) system on alumina (Al2O3), magnesia spinel (MgAl2O4) and calcium aluminate 
(CaO.Al2O3) substrates has been assessed using the sessile drop technique. The reactivity of 
selected inclusion phases was studied by evaluating the wetting results and characterizing the 
microstructure of the slag-
composition was lower for the basic ladle type slags than the acid tundish type slags.

Introduction

The least understood component of inclusion removal in steelmaking is inclusion 
reactivity/separation with the slag [1]. The inclusion has to travel across the steel-slag interface 
to wet the slag. This is favored -inclusion is greater than 90° 
(non- -slag. While it is 
understood that inclusion-slag interfacial tension/wetting plays a critical role in inclusion 
removal, there are only limited wetting data for slags on typical inclusion phase types in 
literature. Choi and Lee [2] have developed a dynamic wetting model that has shown promise in 
predicting/representing wetting behavior of slag on alumina (Al2O3). The current authors have 
used/extended this approach and shown that it works well for basic type slags not only on 
alumina but also on magnesia spinel (MgAl2O4) and calcium aluminate (CaO.Al2O3) substrates
[3,4].    
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In this study, the dynamic wettin the CaO-Al2O3-SiO2-(MgO) system 
on alumina (Al2O3), magnesia spinel (MgAl2O4) and calcium aluminate (CaO.Al2O3) substrates 
are presented and discussed with specific reference to their slag-substrate interactions. 
Specifically the focus of this paper is the microstructural characterization of the slag-substrate 
reactions.  The phases chosen for study represent inclusions found in steel [5]. 

Experimental

A sessile drop furnace was used to characterize the wetting results with time at a temperature of 
1500°C. The experiments were carried out under flowing argon and images of the slag spreading 
on the substrate were captured by a Sony 6.1 MP video camera. This is a standard technique and 
much of the detail of this technique has been presented elsewhere [4].

Video stills captured from the recordings where analyzed assuming a spherical cap and 
established from Equation 1. 

= 2 × tan      (1)

The symbols are as defined in the schematic shown in Figure 1 for a sphere of radius R. 

Figure 1 (a) and (b) showing a spherical cap schematic used in sessile drop analysis. 

The slags used were prepared by mixing and fusing laboratory grade oxides CaO (CaCO3), 
Al2O3, SiO2 and MgO (where applicable) of appropriate proportions. The compositions are given 
in Table I. These were confirmed by XRF analysis. The alumina substrates were supplied by 
Rojan Advanced Ceramics, Western Australia. The MgAl2O4 and CaO.Al2O3 powders were 
prepared from high purity laboratory grade MgO, Al2O3 and CaCO3 (> 99%) starting materials 
by reaction sintering and their phases confirmed by XRD. Full details of the materials 
preparation are given elsewhere [3,4].   
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Table I. Composition of slags used in mass%

Slag composition in mass% Slag composition in mass%

Slag CaO Al2O3 SiO2 Slag CaO Al2O3 SiO2 MgO

T1 25.5 17.4 57.1 L1 41.8 42.7 9.2 6.3

T2 32.7 19.2 48.1 L2 46.3 37.1 9.8 6.8

T3 40.3 19.0 40.7 L3 50.9 32.9 9.5 6.7

Post experiment the slag-substrate couples were prepared for electro-optical analysis using 
standard techniques for scanning electron microscopy (SEM) and energy dispersive spectroscopy 
(EDS).  

Results/Discussion

The was found to be a function of time, slag composition and substrate. Generally the of the 
slag-substrate couples decreased rapidly in the first 10s tending to a plateau value at ~30 to 70s 
for slag types on different substrates. The results for (initial) and (plateau) are given 
in Table II.

Table II. The initial and plateau of the T-type and L-type slags on different substrates at 
1500°C

Slag Substrate (°) (°) Substrate (°) (°)

T1

A
lu

m
in

a

54.9 25.4

C
al

ci
um

 
al

um
in

at
e

32.2 10.4
T2 49.3 22.1 20.4 7.6
T3 46.0 20.2 19.6 5.6
L1 38.5 21.1 25.0 11.2
L2 30.2 21.8 23.0 10.2
L3 22.0 19.1 20.5 11.9
T1

S
pi

ne
l

39.9 15.5
T2 29.6 14.2
T3 20.8 14.7
L1 34.5 18.1
L2 26.7 17.9
L3 24.4 18.7

The and values for alumina substrates are much higher than spinel and calcium 
aluminates regardless of slag types. The change of with time, slag and substrate may be a result 
of slag-substrate reactivity, the mechanism of slag-substrate reaction (kinetics), 
momentum/dampening effects resulting from slag addition to the substrate and perhaps liquid 
slag structure changing with changing slag composition as a result of reactivity. What is focused 
on in this paper is characterization of the reaction of the slag with the substrates.  

A key challenge is condensing the information so that it is suitable for a conference publication 
but including enough information to ensure that the interface is fully characterized and 
representative of what is found. Selected analysis (detailed below) is given for the L3 slag on 
each substrate.
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A low magnification (×100) SEM micrograph from the center of the interface
EDS mapping analysis of the elements contained from the ×100 SEM image
EDS area analysis of the phases identified in the ×100 SEM micrograph
A high magnification (×500) SEM image of  the slag penetration/reaction layer 
EDS spot/area analysis of the phases identified in the penetration/reaction layer

Micrographs and EDS maps encompassing the above bullet points are given in Figures 2 to 4.
EDS analysis for spot and area analysis shown on the micrographs are given in Table III.

Table III. EDS analysis of the phases identified in the L3-type slag-substrate interfaces

Substrate
Phase analyzed, analysis number and relevant 
figure 

Composition in mass %

CaO Al2O3 SiO2 MgO

L3 initial slag composition 50.9 32.9 9.5 6.7

Alumina

Crystalline slag (7), Figure 2 43.3 43.4 7.9 5.4

Original substrate (8), Figure 2 0.0 93.3 4.1 2.6

Penetration layer (9), Figure 2 9.3 84.9 3.2 2.6

Spinel

Crystalline slag (18), Figure 3 43.7 42.4 6.6 7.3

Original substrate (19), Figure 3 0.5 72.3 2.8 24.4

Penetration 
layer

Grey phase (20), Figure 3 0.2 69.9 2.4 27.5

White phase (21), Figure 3 41.3 45.9 7.3 5.5

Calcium 
aluminate

Slag-substrate reaction area (32), Figure 4 44.3 47.2 4.0 4.5

Original substrate (33), Figure 4 39.5 56.8 2.1 1.6

Slag near 
interface

Grey phase (34), Figure 4 38.9 57.4 1.9 1.7

Black phase (35), Figure 4 61.0 29.2 6.5 3.3

Light phase (36), Figure 4 46.3 43.3 4.3 6.1

The area of analysis of the L3 slag-substrate micrographs is indicated in a schematic at the top of 
each micrograph.

Given the space limitations it is not possible to deal with all the slag-reaction couples using the 
same micrograph approach. To in part address this point a summary of interface reaction 
characteristics for the specific slag-substrate systems is given in Table IV

The characterization data (SEM, EDS, slag penetration/reaction of substrate, given in Figures 2
to 4 and Table III are indicative of a reactive system. This reaction likely explains much of the 
change of and shown in Table II. 

From Table IV it can be seen that the reaction of the slag with the three substrate systems have 
resulted in significantly different slag-substrate interfaces. Examples of the different behaviours 
described in Table IV can be seen in Figures 2 to 4. Figure 2 shows a typical thin penetration 
layer; Figure 3 shows typical penetration of slag into the pores and grain boundaries; and Figure 
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4 shows reaction between the slag and substrate. The nature/specifics of the reaction interface for 
the systems studied with respect to substrates are briefly expanded on for all slag-substrate 
systems studied.

        300μm                                         Al

        300μm                                        Si

        300μm                                       Ca

        300μm                                       Mg    

Figure 2. SEM backscattered images and EDS mapping from the center of the slag-substrate 
interface and EDS area/spot analysis of the identified phase(s) in the penetration layer of slag L3 
on alumina substrate.

Crystalline slag

Substrate

Penetration layer

7

8

9 Penetration layer 
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        300μm                                         Al     

        300μm                                         Si

        300μm                                       Ca     

        300μm                                       Mg     

Figure 3. SEM backscattered images and EDS mapping from the center of the slag-substrate 
interface and EDS spot analysis of the identified phase(s) in the penetration layer of slag L3 on 
spinel substrate.
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     300μm                                         Al    

    300μm                                          Si    

     300μm                                        Ca    

    300μm                                         Mg    

Figure 4. SEM backscattered images and EDS mapping from the center of the slag-substrate 
interface and EDS spot analysis of the identified phase(s) in the reaction area of slag L3 on 
calcium aluminate substrate.
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Table IV. Summary of the nature of the reaction interface in the wetting systems studied

Slag
Substrate type

Alumina Spinel Calcium aluminate

L1
Slag penetration of 

substrate

Slag penetration of the  
substrate with no 

discernible product or 
intermediate phases

No obvious slag 
penetration of the substrate 
though  substrate, surface 
appears to be breaking up

L2

L3

T1

Largely unmodified 
substrate surface with no 

discernible slag penetration 
of the substrate

Difficult to assess due to 
experimental issues there 

may be slag penetration of 
the substrate but it was 
difficult to establish the 
original slag-substrate 

interface to assess.

T2

Surface roughening of the 
substrate and slag 

penetration of the substrate, 
no discernible other phases 
formed in the penetration 

layer

T3

Surface roughening of the 
substrate and slag 

penetration of the substrate, 
evidence of reaction 

products in the penetration 
layer

Alumina

The characteristics of the reaction interface for the alumina substrate was dependent on slag type 
(L or T) and composition. For the L-type slags there was a thin penetration layer (~25μm thin) at 
slag-substrate interface. EDS analysis of this layer indicates the composition though primarily 
that of the substrate is slightly enriched by the slag oxide components. For T-type slags the 
interface appears largely unmodified by T1, but using T2 and T3 slags appear to cause 
roughening of the substrate. There is also evidence of slag penetration/reaction of the substrate 
for T2 and T3.

Spinel

For the spinel substrates there was a slag penetration/reaction layer has formed at the interface 
for both the L-type and T-type slags. The penetration is into the pores and along the grain 
boundaries of the substrate.

Calcium Aluminate

For the calcium aluminate substrate there was no simple reaction or obvious penetration layer 
similar to that of found for alumina and spinel. There was significant reaction of both slag types 
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(T and L) and the calcium aluminate substrate. For the L-type slags it would appear that there are 
pieces of the substrate breaking off into the slag. Experimental difficulties with T-type slags on
the calcium aluminate substrate precluded meaningful comment. 

The loss of slag volume associated with penetration or reaction (and its time dependence) of the 
slag-substrate systems would impact on the measured contact angle. This would be the case even 
if the penetrating slag was not reacting with the substrate. There are other reactions taking place 
though as the slag is not just penetrating the substrate (see Tables III showing EDS analysis of 
the penetrating slag and reacted substrates).

Though not discussed here the EDS data given in Table III and that measured but not shown for 
the other systems is broadly consistent with thermodynamic analysis of the slag-substrate 
systems [3].    

Conclusions

The dyna the CaO-Al2O3-SiO2-(MgO) system on alumina 
(Al2O3), magnesia spinel (MgAl2O4) and calcium aluminate (CaO.Al2O3) substrates has been 
measured and the initial and plateau wetting values reported.  It was found that over time that 
the wetting value decreased to a plateau value and that this was lower for the basic ladle type 
slags than the acid tundish type slags.  

Detailed slag-substrate micrographic characterization was undertaken of the slag-substrate 
interface. All systems showed evidence of reaction/penetration of the slag into and with the 
substrate. This reaction is thought to be at least part explain why value decreased with time. 
The different reaction behaviour observed for the different substrates may help explain the 

.  
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Abstract 

 
Aluminum deoxidized steel tends to form solid inclusions (alumina, spinel, partially modified 
calcium aluminates). These solid inclusions are known to present challenges during casting, cause 
slivers during mechanical working and act as crack initiation sites for mechanical failure. Calcium 
injection practice has been used by the industry to transform these solid inclusions into liquid 
inclusions for several decades. There has been a significant amount of study to understand the 
mechanism of calcium modification of alumina/spinel inclusions. However, there has been little 
attempt to understand calcium transfer from slag to steel to inclusions that may modify alumina 
inclusions. In this study, laboratory deoxidation experiments were conducted using an induction 
furnace, physically simulating a ladle furnace; samples were taken during these experiments to 
study the extent of calcium transfer through inclusion analysis. This study shows that in the 
presence of silicon, there can be significant amount of calcium transfer from slag. Also, as the rate 
of calcium transfer from slag is limited by mass transfer in steel and slag, it is difficult to modify 
a large concentration of inclusions. However, an appreciable extent of calcium transfer was found 
in the case of lower concentration of inclusions (less than 150 ppm area fraction).   

Introduction 

Aluminum killed steels have a tendency to undergo nozzle clogging during casting due to 
formation of solid inclusions like alumina, spinel or solid forms of calcium aluminates. The 
clogging results due to tendency of inclusions to deposit on nozzle walls followed by sintering as 
explained by Singh [1]. Calcium treatment is a common practice to modify solid alumina 
inclusions that was started in the late 1960s [2]. Earlier, it was thought that magnesium containing 
inclusions would not modify with calcium addition [3] [4]. However, recent studies show that 
modification of spinel inclusions into liquid Ca-Al-Mg-O inclusions can be achieved. Pretorius et 
al. [5] found that calcium modification of spinel inclusion is rather easier for LCAK steels with 
very low oxygen content. However, Yang et al. [6] have concluded from thermodynamic analysis 
of industrial data that spinel inclusions can be modified into liquid inclusions only if dissolved 
calcium content in alloy steel is at least 1 ppm.   
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Early studies on the modification mechanism of alumina inclusions were reported by Hilty et al.
in 1975 [7], [8]. In 1980, they reported that alumina inclusions follow Ca-modification path as
alumina � CA6 � CA2 � CA � Liquid calcium aluminate (C: CaO, A: Al2O3) [4].  This 
mechanism is now well accepted in the literature. Ye et al. [9] and Han et al. [10] concluded that 
the rate of calcium modification is quite high for smaller inclusions (<10 μm) at the steelmaking 
temperature. Recent studies on calcium modification of alumina inclusions have been focused on 
the transfer of calcium to inclusions [11] [12]. Verma et al. [11][12] and Holappa et al. [13] 
pointed out the effect of sulfur content in steel on the calcium transfer mechanism from liquid 
steel to inclusions. Verma et al. [12] concluded that CaS and CaO form as intermediate products 
during calcium transfer to inclusions for high and low sulfur content respectively. However, CaO 
was not observed in the case of experiments with low sulfur due to very high rate of modification 
of smaller inclusions (<10 μm) [10]. In contrast to alumina inclusions, spinel inclusions start 
forming liquid phase immediately upon CaO pick-up [5]. Verma et al. [14] also concluded that 
modification of spinel inclusions occur via partial reduction of MgO followed by partial reduction 
of Al2O3 with formation of CaS as intermediate product. These intermediate modification 
products are summarized in the Figure 1. It should be noted that reduction of MgO from spinel 
inclusions increases the dissolved Mg concentration in steel that may cause re-appearance of 
spinels upon subsequent re-oxidation [6].  

Figure 1 Spinel modification route after calcium treatment in Al-killed steels [14].
With permission of Springer. 

Due to relatively high activity of CaO in typical secondary steelmaking slag and high activity of 
aluminum in steel, aluminum can reduce CaO at the steel-slag interface. This would result into 
dissolved calcium in steel [6]. The dissolved calcium may in turn react with alumina or spinel 
inclusions resulting in partial modification of these solid inclusions [5] [6]. Although calcium 
transfer from slag to steel to inclusions has been indirectly reported in the literature [5], [7], [15]; 
there has not been any systematic study to quantify the extent and rate of calcium transfer from 
slag to inclusions via steel. The present study focuses on developing a better understanding of 
mass transfer of calcium to inclusions. As part of this study, experiments were conducted in a
laboratory induction furnace to estimate the extent of calcium transfer from slag to steel to 
inclusions.  

Methodology 

Experiments were conducted in an induction furnace to study the extent of calcium transfer from 
slag to steel. Calcium enrichment of alumina or spinel inclusions was used as an indication of this 
calcium transfer. The schematic of the setup is shown in Figure 2. The experiments were 
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conducted in an argon atmosphere in MgO crucibles (61 mm diameter) or yttria stabilized 
zirconia crucibles (31 mm diameter). 600 g (in MgO crucible) or 100g (in ZrO2 crucible) of 
electrolytic iron containing 350 ppm of oxygen and 7 ppm of sulfur was melted and then 
deoxidized by adding aluminum at ~1600oC. Two compositions of slag were used for these 
experiments as shown in Table 1. The experiments are described in Table 2.  Samples were taken
at required intervals using fused-quartz tubes of 4 mm inner diameter and a suction tube. Tubes 
were flushed with argon before sampling to avoid any reoxidation due to entrapped air in the tube.   

Table 1 Slag compositions used for experiments
Slag composition (wt%)

CaO Al2O3 MgO SiO2

Slag-1 47.50 36.40 7.10 9.10
Slag-2 50.30 42.30 7.40 0

Table 2 Experiment summary
Exp. # Crucible Additions

1 MgO Al (0.3%, t=0), slag-1
(200 g, t=11 min)

2 MgO Al (0.3%, t=0), Fe-Si 
(1% Si), slag-1 (200 g, 

t=6min)
3 ZrO2 Al (0.15%, t=0), slag-2

(15 g, t=0)
Figure 2 Schematic of induction furnace setup

Samples taken during these experiments were used to measure kinetic changes in inclusion 
composition and chemical composition of steel. Total oxygen concentration in steel was analyzed 
using LECO and Si, Al, Ca, and Mg in steel were analyzed using ICP at a third party laboratory. 
Compositions and concentrations of inclusions were measured automatically on polished sample 
sections using automatic feature analysis and energy-dispersive X-ray microanalysis available in 
an FEI/ASPEX scanning electron microscope. These analyses were conducted at 10 kV with 16-
17 mm working distance and 40% spot size. Specific inclusions of interest were also analyzed at 
higher resolution in field-emission gun scanning electron microscopes. Some samples were 
electrochemically etched to reveal three-dimensional morphology of inclusions, especially 
clusters, using the method suggested by Tan & Pistorius [16].  

Results and Discussion 

In the first experiment, steel was deoxidized by adding 0.3 wt% of aluminum. Dissolved 
aluminum in steel reduced silica in slag which resulted into silicon pick-up in steel, as shown in
Figure 3. A kinetic model was developed using the macro-feature available in the ‘Equilib’ module 
of FactSage 6.4 [17]. The mass transfer coefficient of steel (ksteel) to the slag-steel interface is the 
only unknown parameter in such a model assuming that ksteel is 10 times larger than kslag. The 
experimental data (Al and Si content in steel with time) was used to find the product ksteel×A (A:
slag-steel interfacial area) for mass transfer in steel, as the value of ksteel×A for which the 
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calculated composition fitted the experimental results. It should be noted here that it is not 
possible to measure ksteel independently because steel-slag interface may not be planar [18].

The fitted value of ksteel×A was equal to 
1.3×10-7 m3/s which is of the same order 
of the observed value in the past for a 
similar setup [19]. It is important to note 
here that the kinetic model over-predicts
the concentration of dissolved calcium
(3.0 ppm) in steel. This problem arises 
due to large uncertainty regarding 
calcium solubility in liquid steel as shown 
in Figure 4.

Figure 3 Experimental and calculated variation in total
aluminum and silicon contents of steel

Figure 4 Reported relationships between dissolved oxygen and dissolved calcium in liquid steel at 1873 K.
Redrawn after reference [20]

Inclusion analysis results of three samples taken during experiment 1 (in MgO crucible) are 
shown in Figure 5 (a, b and c) using proportionate symbol plots. In these plots, the area of each 
small dark triangle is proportional to the area fraction of inclusions present in sample with that 
composition. The results clearly show increasing magnesium content in inclusions with time. The 
sample taken before slag addition also shows significant magnesium content in inclusions (see 
Figure 5 (a)) which indicates magnesium pick-up from crucible as well. In samples taken at 
longer times, the average mole fraction of MgO in inclusions (~0.60) was higher than typical 
spinel phase. This large MgO concentration (higher than stoichiometric spinel) indicates partial 
transformation of spinel inclusions into MgO (resulting from Mg pick-up in steel from both slag 
and the crucible). The inclusion size and concentration did not change much among these 
samples. The average size of the inclusions was in the range of 3-4 μm and the corresponding 
oxygen content in inclusions was in the range of 110-160 ppm by mass.  

It should be noted here that the induction furnace used for these experiments did not have any 
forced mechanical stirring mechanism like Ar-purging. In the absence of forced stirring, flotation 
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of inclusions, especially alumina clusters is expected to be slower due to their higher effective 
density [21]. These clusters also transform into spinel clusters as shown in Figure 6.   

Figure 5 Inclusion composition in samples taken during Experiment 1 (steel with 0.3% Al initially; MgO 
crucible; Slag 1). Plotted as normalized mass fractions.  

Calcium transfer from slag to inclusions via 
steel was not observed from the inclusion 
analyses of samples from experiment 1. It 
appears unlikely that there was no calcium 
transfer from slag to steel, as calcium 
containing inclusions have been reported in 
the past in steel samples taken before calcium 
treatment [5], [6], [15]. Possible reasons for 
the lack of measurable calcium transfer are a 
low rate of transfer (due to the low 
equilibrium calcium concentration and the 
large steel circulation time = ~30minutes as 
can be seen from Figure 3) and a relatively 
large concentration of inclusions in the steel. Figure 6 Alumina cluster transforming into spinel 

observed in the sample taken at t=20 min

Silicon (in steel) is known to increase calcium retention during calcium injection [22]. 1% Si was 
added after aluminum addition during experiment 2 to test the effect of silicon on calcium pick up 
from slag. Figure 7 (a, b and c) shows changes in inclusion composition with time. In this 
experiment, aluminum and slag were added at t=0 and t = 6 minutes respectively. Similar to 
experiment 1, magnesium pick-up in steel was observed (from MgO-containing inclusions) in all 
samples. Pure MgO inclusions were also present in the sample taken 55 minutes after Al-
deoxidation (see Figure 7 (c)). The presence of MgO inclusions has been reported in literature as 
well [14]. A spinel inclusion transforming into an MgO inclusion was observed in the final 
sample from experiment-2 (Figure 8). Figure 7 (c) clearly shows the presence of calcium 
containing inclusions that formed most likely due to calcium transfer from slag to steel. Calcium 
containing inclusions were present as both oxide and sulfide. The final oxygen content in steel 
due to detected inclusions was only 50-70 ppm, less than in experiment 1. It was probably due to 
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better flotation of some partially liquid inclusions. The average size of inclusions observed across 
samples in experiment 2 was in the range of 2-4 μm, smaller than in experiment 1.

Figure 7  Time dependence of inclusion compositions during experiment 2 (steel with 1% Si and 0.15% Al 
initially; MgO crucible; slag 1). Plotted as normalized mass fraction. 

Figure 8 Partial transformation of spinel inclusion to MgO  

Experiment 3 was conducted in a zirconia crucible to find the extent of magnesium transfer from 
slag and also to find the extent of calcium transfer while using a ZrO2 crucible instead of a MgO 
crucible (For these experiments, the aluminum addition was 0.15% and the slag contained no 
SiO2). The typical inclusions found in the samples taken after 20 minutes were of the following 
types: Al-Mg-O (Mg:Al = 0.5 by mass), Al-Mg-Zr-O, and Al-Mg-Zr-Ca-O. The average 
composition (wt %) of Al-Mg-Zr-O inclusions was 65% Al2O3, 13% MgO, and 22% ZrO2; there 
was significant transfer of magnesium from slag and zirconium from crucible. Hence, it can be 
concluded that the source of magnesium in experiment 1 was both MgO crucible (Figure 5(a)) 
and slag (Figure 5 (b and c)). A larger extent of magnesium transfer from slag to steel in 
comparison to calcium is likely due to the low equilibrium concentration of calcium in steel as 
compared to magnesium. A typical calcium containing inclusion is shown in Figure 9. These 
inclusions were rich in Al, Mg and Zr but lean in Ca (<5% by mass). Some CaS containing 
inclusions attached to oxide inclusions were also observed (see Figure 10). The steel produced in 
this experiment was very clean as the oxygen concentration in steel from analyzed inclusions was 
just 7 ppm. This may be due to two reasons: there was just 100 g of steel (in the smaller zirconia 
crucible) which means that the flotation distance for inclusions to reach to slag was smaller 
compared to other experiments; due to flotation of larger inclusions the average size of inclusions 
observed was just 1-2 μm. Secondly, due to the small diameter of the crucible (which precluded 
making additions after melting the steel), aluminum and slag were placed in the crucible with 
electrolytic iron at the beginning of the experiment. This is expected to have resulted into liquid 
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slag covering solid iron pieces before melting of the iron (as slag melts at a lower temperature 
than steel); such good mixing likely promoted inclusion removal.  

Summary and Conclusions 

The experiments conducted in this work aimed to understand the mechanism of calcium transfer 
to alumina/spinel inclusions in aluminum killed steel. Aluminum deoxidation experiments were 
conducted in an induction furnace in MgO and ZrO2 crucibles to find the extent of calcium 
transfer from slag to inclusions via steel. The effect of silicon addition on calcium transfer was 
also analyzed by adding 1 wt% Si after Al-deoxidation. The extent of calcium transfer was 
analyzed with the help of automated inclusion analysis using SEM-ASPEX. The following 
conclusions can be drawn from this work:  
 

1. Changes in aluminum and silicon content in steel can be used to calculate mass transfer 
coefficient in steel (ksteel) for steel-slag reaction with the help of a kinetic model using 
FactSage 6.4. In this case, ksteel×A = 1.3×10-7 m3/s.  

2. The addition of 1% silicon can enhance calcium transfer from slag to steel and hence to 
inclusions. However, reduction of MgO may compete with CaO reduction and may limit 
calcium pick-up. 

3. The steel with a large concentration of inclusions may not exhibit measurable calcium 
transfer from slag to inclusions due to the slower rate of calcium transfer from slag. 

4. MgO crucible and MgO containing slag are significant source of magnesium transfer to 
steel for these experimental conditions. 

 

 
Figure 9 Calcium containing inclusion observed in 
experiment-3 

 
Figure 10 CaS-MgO inclusion observed in sample 
from experiment-3 
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Abstract
The sulphide capacities of CaO-MgO-Al2O3-SiO2-CrOx slags with were measured by gas-slag 

equilibration method in the temperature range of 1823-1898K to reveal the effect of CrOx on the 

sulphide capacities of slags. Both higher basicity and temperature enhanced sulphide capacities. 

The CrOx additions in the range of 0-5 mass% increased the sulphide capacity, but, further 

increase of CrOx contents to 7 % was found to lower the sulphide capacity. Utilizing the 

relationship for estimating the ratio of Cr2+/Cr3+put forward by the present authors, the influence 

of Cr(II) on the sulphide capacities of the slags studied is discussed.  

Introduction
Chromium-containing slags play a predominant role in production of stainless steel and high alloy 

steels. It is important to understand the chemistry of chromium-containing slags with special 

reference to the phase equilibria[1-5], oxidation states of chromium in slag phase[6-11] and 

distribution of Cr between the steel melt and slag phases[6,12-14]. These studies provide invaluable 

information for the optimization of the processes for high alloy steels. However, experimental data 

on the properties of slags containing CrOX are scarce in literature as the melting points of these 

slags are quite high. Drakaliysky et al. [15] reported sulfide capacities of CaO-MgO-SiO2-Al2O3

slags containing small amounts of Cr2O3. Their results indicate that adding 5 wt% Cr2O3 to a 

high-MgO(25 wt%) slag could cause a 4-fold decrease in sulfide capacities. Wang et al. [16] studied 

sulfide capacities of CaO-SiO2-CrOx system in the temperature range 1823K - 1923K. These 

authors noticed that, when the SiO2 content was fixed in the slag, the increasing content of CrO 

would initially decrease the sulfide capacity and increase it subsequently.  

In the current study, experimental determinations of the sulphide capacities of chromium slags of 

12 different compositions were carried out in the temperature range 1823K-1898K.

CaO-MgO-Al2O3-SiO2 was adopted as basic system and the chromium-oxide contents were 

varied. 

Experimental work
The components after drying were mixed in required proportions and ground together in an agate 

mortar. The basicity, B, presented in Table 1 refers to the mass ratio of (CaO+MgO)/( Al2O3+SiO2) 

and is valid for the entire manuscript. One gram of sample was used for each experimental run.

The oxygen- and sulfur potentials of the CO-CO2-SO2-Ar mixture, as estimated by Gibbs energy 

minimization program (FACT SAGE), were controlled by suitably adjusting the flow rates of the 

component gases. The gas flow rates were accurately controlled by Brukes mass-flow meters. A 
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horizontal furnace with MoSi2 heating elements was used for the equilibration studies. In each run, 

the temperature was raised to the target temperature at the rate of 5K/min. During this process, 

purified argon gas with a flow rate of 200mL/min was kept flowing ensuring an inert atmosphere. 

When the temperature reached the targeted value, argon flow was replaced by the gas mixture 

according to the pre-set proportion. The gas-slag reaction took 6 hours to reach equilibration, as 

confirmed by the earlier work of the present authors[16]. After 6 hours, the alumina sample holder 

was drawn quickly to the cold end of the reaction tube under argon gas. Ocular examination 

showed that the slag samples were glassy. The samples were subjected to chemical analysis. The 

combustion method using carbon/sulfur analyzer (Horiba, EMIA-820V, Japan) was used to 

determine the mass percentage of sulfur in each sample. Raman spectra were collected in a Raman 

spectrometer (Horiba, LabRAM HR Evolution, Japan) with a resolution of 0.67cm-1. 

Results and Discussion 
3.1 Basicity dependence

The data obtained in the present work are listed in Table 1. In Fig.1, it can be seen clearly that, 

with increasing basicity, the sulphide capacity of the slag increases dramatically in the basicity 

range 0.7 – 0.8, irrespective of the chromium content. A similar trend was noticed even in the 

earlier work[16]. It is generally known that, with increasing basicity, the availability of O2- for the 

sulphur exchange reaction would increase facilitating the desulphurization process.

Table 1 Experimental sulphide capacities of CaO-MgO-Al2O3-SiO2-CrOx system

Sample 

No.
Basicity mass%CrOx Temp./K

7
O 10P

2
wt%S Log10CS

Log10’Cs

A1 0.67 0 1873 1.05 0.0217 -4.074 -5.41

A2 0.67 3 1873 1.05 0.0232 -4.045 -5.38

A3 0.67 5 1873 1.05 0.0256 -4.001 -5.33

A4 0.67 7 1873 1.05 0.0256 -4.002 -5.32

B1 0.82 0 1873 1.05 0.0501 -3.697 -5.02

B2 0.82 3 1873 1.05 0.0580 -3.610 -4.95

B3 0.82 5 1873 1.05 0.0818 -3.477 -4.80

B4 0.82 7 1873 1.05 0.0575 -3.583 -4.94

C1 1 0 1873 1.05 0.0719 -3.553 -4.88

C2 1 3 1873 1.05 0.0846 -3.482 -4.80

C3 1 5 1873 1.05 0.1001 -3.410 -4.72

C4 1 7 1873 1.05 0.0885 -3.463 -4.77

B1 0.82 0 1823 1.0544 0.0196 -3.987 -5.43 

B2 0.82 3 1823 1.0544 0.0187 -4.007 -5.44 

B3 0.82 5 1823 1.0544 0.0222 -3.932 -5.36 

B4 0.82 7 1823 1.0544 0.0189 -4.002 -5.43 

B1 0.82 0 1848 0.80523 0.0719 -3.720 -4.87 

B2 0.82 3 1848 0.80523 0.0886 -3.630 -4.77 

B3 0.82 5 1848 0.80523 0.0939 -3.604 -4.74 

B4 0.82 7 1848 0.80523 0.0913 -3.617 -4.74 
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Sample 

No.
Basicity mass%CrOx Temp./K

7
O 10P

2
wt%S Log10CS

Log10’Cs

B1 0.82 0 1898 0.84918 0.1393 -0.856 -4.58 

B2 0.82 3 1898 0.84918 0.1696 -0.771 -4.48 

B3 0.82 5 1898 0.84918 0.1829 -0.738 -4.45 

B4 0.82 7 1898 0.84918 0.1729 -0.762 -4.47 

Figure 1 Basicity dependency of sulphide capacities on CaO-MgO-Al2O3-SiO2-CrOx at 1873K, 

2OPlog =-7 

3.2 Temperature dependence

The effect of temperature on the sulphide capacity of chromium-containing slags is shown in Fig.2.

The trend that higher temperature leads to higher sulphide capacity is consistent with literature and 

is attributed to the sulphur-oxygen exchange reaction, which is a thermally activated process and 

is endothermic.

Figure 2 Dependence of log10 Cs with reciprocal of temperature

The slope of the plot of log10Cs as a function of 1/T is an Arrhenius-type of plot, the slope 

representing the enthalpy of the exchange reaction between oxygen in the slag and Sulphur in the 

gas phase. In the case of low basicity slags, it is well-known that the silicate chains are broken and 

oxygen ions are released for desulphurization. Thus, the slope of the above-mentioned plot is 
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expected to be small. The present results as well as the earlier work reveal that, at constant basicity, 

addition of CrOx to the slag would increase the absolute value of slope of the log10Cs vs 1/T lines,

viz. desulphurization enthalpy. The contributions to the slope are from the desulphurization

reaction, Cr2+- Cr3+ redox reaction as well as polymerization reaction.

On the basis of the earlier study [17], slag systems containing CrOx should actually be considered as 

consisting CrO and CrO1.5. The ratio between the two Cr-containing species has been shown to be 

a function of basicity and temperature. This leads to a certain degree of non-linearity in the 

log10Cs vs 1/T plots if CrOx is treated as a single species. 

3.3 Chromium oxides influence

The effect of chromium content on the sulphide capacity of the slag was not monotonous, which 

can be seen in Fig. 3. When the content of CrOx increased from 0 to 5%, the sulphide capacity of 

slag increased gradually but when the chromium content reached 7%, CS was found to decrease. In 

the present work, this effect is traced to the different valence of chromium ions. As reported by 

Wang and Seetharaman[16], Cr2+ acts dominantly as a basic ion while Cr3+ would be more 

amphoteric. At low Cr contents and moderate basicities, the predominant species in a silicate melt 

would be CrO, which, in turn, would act as a basic oxide. Thus, increasing chromium content 

would increase the sulphide capacity. However, as the CrOx content increases, the acid effect 

would be more predominant hindering the reaction between sulfur and oxygen ion.

Figure 3 Effect of CrO on log Cs at 1873K, log PO2= -7

In desulphuration process, the polymerization reaction involving different forms of oxygen in 

silicates is represented in Eqn.(1). 

This reaction shows the charge balance required by the tetrahedral coordination of oxygen with 

silicon on the left-hand side of Eqn.(1) and the polymerization of two silicate units releasing a 

divalent oxygen ion. Although the effective refining agent is free oxygen ion, its amount is 

determined by the basicity of the slag or the degree of polymerization that would lead to the 

formation of free O2-ions. Further, in a low basicity (metasilicate) environment, desulphurization 

reaction would be expected to lead continuously to the release of increased number free oxygen 

ions by the polymerization reaction.  

The occurrence of reaction (1) in silicate systems containing transition metal cations is somewhat 

complicated by the presence of 3 d electrons. Apart from the variable valency exhibited by these 

cations, it has been shown in the earlier work [18] that the electron distribution in the silicate matrix 
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is more even. From a thermodynamic point of view, the activity of O- is raised. In the present 

discussion, the term “activity” is used to describe the thermodynamic situation and is not linked to 

any standard state. If O2-can be replaced by S2- continuously, the activity of O2- is reduced, and 

consequently, the reaction of (1) will proceed further to the right side. This would, in turn, lead to 

an improvement of the desulphurization capacity. This effect is reflected in the trends shown by 

transition metal silicates with respect to molar sulphide capacities With the same amount of silicon, 

the value of molar sulphide capacity of MnO.SiO2 and FeO.SiO2 have high values; viz. -4.18 at 

1973 K[19] for MnSiO2, and -4.39 at 1773 K[20] for FeOSiO2 and ca -5 for CrOSiO2
[16]. The value 

is close to that of CaO.SiO2 (-5.4 at 1923K).

The ratio of Cr2+/Cr3+ would fixed (1.728 1.437 and 1.199 at 1873K ) when temperature, oxygen 

partial pressure and the slag chemical environment (basicity, 0.67, 0.82 and 1.0 respectively) are 

kept constant. According to the relationship presented in the earlier work by the present authors 

for the ratio Cr2+ / Cr3+, divalent Cr would be the dominant valence state at 1873K and basicity < 1. 

Thus, in the present case, the enhancement of sulphide capacity could be regarded as the 

contribution of CrO.

Meanwhile, it can be noted that the amount of CrO and CrO1.5 were both increasing with the 

continuous addition of CrOx. In a study of the crystalline Cr2O3, Tilley [21] had suggested that 

trivalent chromium would prefer the octahedral position just as Al3+. As reported by Irmann, Cr(III) 

would exist as [CrO2]
- in basic slag phase[22] . It is known that Al3+ can fit into the Si polymeric 

chain but need to maintain charge balance. For Cr(III), such positive divalent ion could be Ca2+,

Mg2+ as well as Cr2+. Assuming Cr2+ might act as charge compensator for Cr(III), it would cause a

lessening of the effective amount of CrO involved in reaction (1). Thus, there will be a certain 

critical point at which more positive charge would be needed for the charge balance resulting in 

the lowering sulphide capacities in the system with 7% addition of CrOx. 

4.4 Raman spectrum for slag structure

Fig. 4 shows the deconvulsed Raman spectra for 3 different slag basicities. It is seen that, at 

basicity of 0.67, Q2 is predominant in the whole slag. With more basic oxides(CaO and MgO) 

added, Q2 and Q3 both decreased while Q0 and Q1 both increased indicating depolymerization.

According to Frantz and Mysen, the mole fractions of different structure units are proportional to 

the band areas in Raman spectra. Table 2 gave fitting results along with each band area. The 

average number of bridging oxygen of each sample is used to explain the contributions of each 

unit to depolymerization. Because Q0~Q3 could reveal the bridge oxygen in different Si-O

structure, the average bridge oxygen content could be represented by Equation (1).

3210 Q3Q2Q1Q0BO (1)

Fig. 5 shows the relationship between basicity and average bridge oxygen in the slag. It can be 

seen that with increasing slag basicity, the average bridge oxygen decreases dramatically. It is 

well-known that a higher basicity would lead to a greater depolymerization degree in the slag, 

which could also be confirmed by the decreasing average bridge oxygen.
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Figure 4 Effects of basicity on Raman Spectrum of CAMS-CrOx(CrOx=3%)

3.2 Effect of chromium oxide addition on structure

Fig. 5 shows the deconvolution results of Raman spectra of slags with different chromium 

contents. Generally, Q2 is found to be predominant in the set composition ratio (B=0.8). When 

content of CrOx increased to 5%, the amount of Q2 decreased gradually and the amounts of Q0 and 

Q1 exhibited a corresponding increase. The present results lead to the conclusion that the

depolymerization degree of the slag decreases with increase of Cr content upto 5 %. Higher degree 

of depolymerization of the slag would increase the number of oxygen ion available for sulphur 

exchange with a consequent increase in the sulphide capacity. 

Figure 5 Effects of CrOx on the Raman spectrums of CAMS-CrOx(B=0.8)
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It is interesting to note that, when the content of CrOx was increased to 7%, the fraction of Q0

decreased but Q1 was nearly the same. Comparing the sulphide capacities of slags with 7% CrOx

and 3% CrOx, it can be inferred that both Q0 and Q1 had positive effects on the desulphurization of 

slag. This is in conformity with the results corresponding to different basicities. 

Conclusion
Gas/slag equilibrium technique was used in the investigation of the effects of chromium oxides on 

the desulphurization process in the temperature range of 1823-1898K. It was found that the 

sulphide capacity of CaO-MgO-Al2O3-SiO2 with the basicity from 0.67-1.0 can be enhanced by 

the addition of chromium oxide. By employing the formula of the Cr2+/Cr3+ ratio to evaluate the 

distribution of Cr(II) and Cr(III) in the slag phase, the contribution of CrO on desulphurization has 

been proposed. With relatively high content of CrOx (7%), Cr(II) also will take a charge 

compensation role for Cr(III), which resulted in the lowering of sulphide capacity of the system.
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Abstract 

Silicate slags are widely used in many pyrometallurgical processes. The physiochemical 
properties of the slags, particularly viscosity, are closely related to their internal structures at 
operating conditions. To fundamentally investigate the correlation between slag structures and 
viscosities, the glassy samples in SiO2-CaO, SiO2-CaO-MgO and SiO2-CaO-Al2O3 systems were 
prepared by directly quenching to water. The quenched slags that maintain structures at high 
temperature were analyzed quantitatively by Raman spectrometer. The appropriate conditions of 
Raman spectroscopy measurements have been evaluated to obtain a better spectra for 
quantitative analysis. The proportions of four types of Si with different coordination can be 
clearly revealed from the analyses of the Raman peaks. The viscosities of the slags are correlated 
with the changes of the characteristic peak positions and areas.  

Introduction 

Extensive studies on the structures of the SiO2-CaO based melts have been performed using 
Raman spectroscopy. The intensity and shift of Raman bands with the silicate structural units 
were linked in the present study. The complex silicate melts are composed of different Si units, 
which can be clearly revealed from the analysis of the Raman bands [1]. From the Raman 
spectrum of pure silica  (Figure 1a) [2], the bands at around 490 cm-1, 600 cm-1 and 800 cm-1 are 
assigned to the vibrations of 4-fold, 3-fold ring and defected silicate structure respectively [3]. In 
the Raman spectrum of CaSiO3 glass in Figure 1b [4], the diminished band at 490 cm-1 and 
enlarged band at 643 cm-1 indicate the degradation of 4 folded ring to 3 folded ring silicate 
structure. From the Raman spectra of Ca2SiO4 (Figure 1c) and Ca3SiO5 (Figure 1d), the dominant 
bands at 910 cm-1 and 850 cm-1 are defected silicate unit and the bands located 490 cm-1 and 600 
cm-1 shrink and disappear. 

(a) (b)
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Figure 1. Raman spectrum of (a) fused pure silica [2], (b) CaSiO3 [4], (c) Ca2SiO4 [5] and 

(d) Ca3SiO5 [6] 
 
In present study, the quenched slag samples were analyzed by Raman spectrometer to investigate 
the degree of polymerization (DP) of SiO2-CaO based systems with additions of MgO or Al2O3. 
 

Methodology 
 
The quenched slag samples were prepared for the SiO2-CaO, SiO2-CaO-MgO and SiO2-CaO-
Al2O3 systems. Approximately 0.25g mixture was prepared by mixing the required chemicals 
with grinding. The details of equilibration experiments were described in the previous 
publication [7]. In brief, the sample in graphite crucible was equilibrated in Ar for 2 hours. After 
equilibration, the sample was instantly quenched into water to maintain its microstructure at high 
temperature. Raman spectroscopy and electron probe X-ray microanalysis (EPMA) were 
conducted for each sample and the results of EPMA are shown in Table I. 
 

Table I: Experimental conditions and EPMA results 
Chemical 
Systems 

 Temperature (oC) 
EPMA Results (mol%)   

SiO2 CaO Additive CaO/SiO2 

SiO2-CaO  

1500 66.3 39.7 0 0.6 
1500 58.7 41.3 0 0.7 
1553 52.5 47.5 0 0.9 
1466 47.8 52.2 0 1.1 

SiO2-CaO-MgO  

1500 47.3 47.7 4.6 (MgO) 1.0 
1500 44.9 46.1 9 (MgO) 1.0 
1500 43 42.7 14.3 (MgO) 1.0 
1500 39.6 40.6 19.8 (MgO) 1.0 

SiO2-CaO-Al2O3  
1500 47.5 47.4 5.1 (Al2O3) 1.0 
1500 45 45.4 9.6 (Al2O3) 1.0 
1500 42.4 42.6 15 (Al2O3) 1.0 

 
The quenched samples were mounted in epoxy resin and polished for Raman spectroscopy 
measurements (Ranishaw, Wotton-under-Edge, UK). The Raman spectra were recorded at room 
temperature in the frequency range of 100 - 1500 cm-1 using argon ion laser (514 nm).  
 

(c) (d) 
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With the studies of SiO2-CaO glasses and silicate polymer theory, the major bands were assigned 
to different structural units, as shown in Table II [3]. The details of peak deconvultion were 
described in the literature [8] and utilized in the present study. 
 

Table II. The descriptions of Raman bands (NBO/T=Non-bridging oxygen/total silicate) 
Peak Raman Shift (cm-1) NBO/T Polymer Theory 
D1 480-500 NA 4-fold ring 
D2 590-610 NA 3-fold ring 
Q1 850-880 NBO/T=4 SiO4 with zero bridging oxygen  
Q2 900-930 NBO/T=3 Si2O7 with one bridging oxygen  
Q3 950-980 NBO/T=2 Si2O6 with 2 bridging oxygen 
Q4 1040-1060 NBO/T=1 Si2O5 with one bridging oxygen  

 

Results and Discussions 
 
Raman Spectrum Analyses 
 
The addition of CaO into silica dramatically influences the structure of silicate melt. Figure 2 
shows the Raman spectra for the SiO2-CaO system with CaO/SiO2 ranging from 0.6 to 1.1. As 
shown in Figure 2a, for each spectrum there are two major bands located in 580-680 cm-1 and 
800-1200 cm-1

 regions. The D1 band is not found in SiO2-CaO, SiO2-CaO-MgO and SiO2-CaO-
Al2O3 systems. The two bands were further deconvulted into 2 and 4 peaks respectively as 
shown in Figure 2. The D3 peak was reported from non-linear least squares minimization 
method [8], which may be defined as a kind of lower order silicate ring structural unit. The 
locations and area occupancies were summarized in Table III.  
 

Table III. Peak shift and relative area fraction of each peak in SiO2-CaO Raman spectrum 
CaO/SiO2 D2 D3 Q1 Q2 Q3 Q4 

 Peak Shift 
0.6 589.8 633.8 866.6 910.5 959.7 1061.6 
0.9 624.3 667.0 864.7 913.2 963.1 1027.4 
1.1 642.0 682.0 848.5 898.3 962.2 999.5 

 Peak Area 
0.5 0.090 0.174 0.014 0.027 0.240 0.454 
0.9 0.068 0.169 0.132 0.061 0.221 0.320 
1.1 0.066 0.144 0.143 0.204 0.181 0.261 

 
When the ratio of CaO/SiO2 is increased from 0.6 to 1.1, the peaks D2 and D3 report 589.8 - 642 
and 633.8 - 682 cm-1 shifting respectively, which may be caused by the decrease of Si-O-Si bond 
angles [3]. 
 
It is assumed that the area of each peak is proportional to the concentration of structural unit. The 
area of each peak is plotted against CaO/SiO2 ratio as shown in Figure 3. It is noticeable that Q4 
are most abundant unit at CaO/SiO2 ratio of 0.5. The area fractions of the D2, D3, Q3 and Q4 
peaks continuously decrease, and the fractions of Q2 and Q1 increase with increasing CaO/SiO2 
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ratio. This tendency qualitatively indicates that the silicate networks are depolymerized with 
addition of CaO.  
 

 
                                         (a)                                                                  (b) 

 
(c)                                                                  (d) 

Figure 2. Raman spectra of SiO2-CaO system at different CaO/SiO2 molar ratios, (a) All 
(b) C/S=0.6, (c) C/S=0.9 and (d) C/S=1.1 

 

 
Figure 3. Abundance of structural units in the SiO2-CaO system as a function of 

CaO/SiO2 molar ratio 
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It is widely accepted that MgO performs as a network modifier similar to CaO [1]. At CaO/SiO2 

= 1, the Raman spectra of different MgO additions (5, 10, 15 and 20 mol%) are shown in Table 
IV. As the additions of MgO are increased from 5 to 20 mol%, the peaks D2 and D3 shift further 
from 635 to 658 cm-1 and 680 to 697 cm-1 respectively. However, the peaks Q1-Q4 do not have a 
clear shift trend with addition of MgO, which may be due to overlaps of the effects from Si-Ca 
and Si-Mg. From the area fraction trends, it still indicates the degradtion of silicate network 
structure. 
 
Table IV. Peak shift and relative area fraction of each peak in SiO2-CaO-MgO Raman spectrum 
CaO/SiO2 MgO mol% D2 D3 Q1 Q2 Q3 Q4 

  Peak Shift 
1 5 635.3 680.1 860.7 903.2 965.0 1040.6 
1 10 641.5 685.6 857.3 904.6 968.7 1061.4 
1 15 655.1 696.2 853.1 895.4 960.8 1047.5 
1 20 658.5 697.4 848.5 903.7 964.3 1026.4 
  Peak Area 

1 5 0.086 0.150 0.086 0.191 0.354 0.134 
1 10 0.079 0.127 0.146 0.201 0.355 0.092 
1 15 0.056 0.108 0.160 0.241 0.333 0.093 
1 20 0.048 0.095 0.202 0.344 0.212 0.099 

 
To further compare the depolymerization ability of CaO and MgO, the area of each peak is 
compared in the basicity ranges of 0.5 to 1.5. The molar ratio (MCaO+MMgO)/(MSiO2+MAl2O3) is 
used to describe the basicity in the present study. It can be seen from Figures 4 (a), (b) and (c),  
that the peaks D2, D3, Q3 and Q4 in both systems report a reducing trend with increasing 
basicity. In Figure 4c, the area fractions of peaks Q1 and Q2 increase with increasing basicity. In 
summary, within overlapping ranges of SiO2-CaO and SiO2-CaO-MgO systems, the comparisons 
report close area fractions in peak D2, D3 and Q1. The areas of peak Q2 and Q4 in the SiO2-CaO 
system are larger than that in the SiO2-CaO- MgO system. The degree of polymerization (DP) of 
two systems will be further discussed in the following section. 

 

 
                               (a)                                                                 (b) 
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     (c) 

Figure 4: Area fraction of different peaks in the SiO2-CaO and SiO2-CaO-MgO systems 
as a function of basicity, (a) peak D2, D3; (b) peak Q3, Q4 and (c) peak Q1, Q2 

 
The addition of Al2O3 was reported to enhance the polymerization of silicate melts [1]. Al2O3 
will form [AlO4]- tetrahedral and connect with silicate network with charge balanced Ca2+. At 
CaO/SiO2 = 1, Raman spectrum of the SiO2-CaO-Al2O3 glass are presented in Table V.  
 
Table V. Peak shift and relative area fraction of each peak in SiO2-CaO-Al2O3 Raman spectrum 
CaO/SiO2 Al2O3 mol% D2 D3 Q1 Q2 Q3 Q4 

  Peak Shift 
1 5 570.7 679.9 864.1 895.2 945.8 1022.9 
1 10 572.3 661.6 863.0 895.1 954.8 1037.9 
1 15 551.8 657.2 874.7 913.4 966.3 1033.9 

  Peak Area 
1 5 0.042 0.120 0.138 0.197 0.421 0.083 
1 10 0.103 0.148 0.068 0.157 0.391 0.134 
1 15 0.075 0.182 0.037 0.147 0.388 0.171 

 
Due to the attachment of [AlO4]- unit onto silicate ring structure, the addition of Al2O3 shifts D2 
and D3 peaks to the left, which indicates the increase of folded ring silicate structure. With the 
addition of Al2O3 content from 5 to 15 mol%, the area fractions of (Q1 + Q2) decrease, while the 
peak areas of (Q3 + Q4) increase. The tendencies of D2 and D3 assigned silicate ring structure 
are more complicated as the [AlO4]- may incorporate into silicate networks with charge 
compensated Ca2+. 
 
Degree of polymerization 
 
From Raman studies of the SiO2-CaO, SiO2-CaO-MgO and SiO2-CaO-Al2O3 systems, the peaks  
can be classified into two groups. Peaks D2, D3, Q3 and Q4 are classified to be associated with 
polymerized silicate units, as their areas increase with increasing basicity. And peaks Q1 and Q2 
are classified to be associated with depolymerized silicate units, because their areas decrease 
with increasing basicity. 
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In the present study, the area ratio of (D2+D3+Q3+Q4)/(Q1+Q2) is used to represent the DP 
(degree of polymerization) index. The DP index is plotted against the basicity of the SiO2-CaO, 
SiO2-CaO-MgO and SiO2-CaO-Al2O3 systems. As shown in Figure 5, all three slag systems 
report decreasing trends while basicities increase. The degree of polymerization of the SiO2-CaO 
system is higher than that in the SiO2-CaO-Al2O3 system at the same basicity, which may be due 
to the incorporation of the [AlO4]- with Ca2+ in silicate network. At basicity 1.1, the substitution 
of Ca2+ by Mg2+ slightly increases the polymerization of silicate network. 
 

 
Figure 5. DP index agasin basicity for the SiO2-CaO, SiO2-CaO-MgO and SiO2-CaO-Al2O3 

systems 
 
Relationship with activation energies of slags  
 
Arrhenius-type equation is widely used to determine the activation energy of slags. From the 
viscosity data in the SiO2-CaO [9], SiO2-CaO-MgO [10] and SiO2-CaO-Al2O3 [11] systems, the 
activation energies can be determined and plotted against DP index. As shown in Figure 6, the 
activation energies clearly increase with increasing DP index. A polynomial equation can be 
drawn to describe the trend. Therefore, the DP index, which can be experimentally measured, 
can potentially be used to predict the activation energy of the silicate melts.  
 

 
Figure 6. Correlation between activation energy and DP index of Raman spectrum  
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Conclusions 

In the present study, the quenched slags in the SiO2-CaO, SiO2-CaO-MgO and SiO2-CaO-Al2O3 

systems were analyzed using Raman spectroscopy. The major bands located in 400-700 cm-1 and 
800-1200 cm-1 were deconvoluted and assigned to folded rings and defect silicate units. It can be 
concluded that a high basicity will cause the bands at 400-700 cm-1 shift to right and the bands at 
800-1200 cm-1 shift to left. 

The peak areas of the Raman spectra can be quantitatively correlated to DP index. The DP index 
is proportional to the slag basicity and can be potentially used to predict the activation energy of 
the silicate melts.
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Abstract 

 
Temperature and frequency dependencies of velocities and absorption coefficients of ultrasonic 
waves were measured on molten 33(mol%)Na2O-SiO2 and 33(mol%)K2O-SiO2, and 
compositional dependencies of ultrasonic velocities were summarized using previous data on 
molten M2O-SiO2 (M = Li, Na and K) so as to elucidate the relation between acoustic properties 
and silicate network structures. The velocities and absorption coefficients of ultrasonic waves are 
identical irrespective of frequencies above ca. 1400 K for 33Na2O·67SiO2 and ca. 1500 K for 
33K2O·67SiO2, respectively, while frequency dependencies appear below these temperatures. 
Frequency dependency stems from the structural relaxation of molten silicates. It has also been 
found that there is an identical linear relation between the ultrasonic velocities and the molar 
volumes for these alkali silicates. This indicates that the molar volume is one of the most 
significant factors affecting the ultrasonic velocity value instead of the iconicity of atomic 
bonding. 
 

Introduction 
 
Ultrasonic waves could be useful for refining processes. For example, size and distribution of 
nonmetallic inclusions in molten steel and thickness of refractory walls of blast furnace can be 
estimated using an ultrasonic inspection meter. Velocity and absorption coefficient of ultrasonic 
waves also have scientific interest because they are relevant to the thermodynamic, 
thermophysical and mechanical properties such as adiabatic compressibility, bulk and shear 
viscosities and elastic modulus. Ultrasonic waves propagate in materials as lattice vibration in 
analogy with thermal conduction. Mills has proposed that the thermal conductivities of molten 
silicates at their liquidus temperatures linearly decrease with increasing the ratio of the number 
of non-bridging oxygen atoms to that of tetrahedrally-coordinated atoms such as Si (denoted as 
NBO/T)1). Nagata et al.2) have reported that the ultrasonic velocities in the Na2O-SiO2 and PbO-
SiO2 systems at 1400 K decrease with decreasing silica contents, i.e., increasing NBO/T. As a 
consequence, it might be possible that ultrasonic velocities have the similar structural 
dependencies to thermal conductivities. However, the compositional dependency of ultrasonic 
velocities on molten silicates has not been intensively discussed from the viewpoint of the 
structures. One of the reasons that the compositional dependency has not been elucidated yet is 
that there are large discrepancies among reported ultrasonic velocities of molten silicates. 
Therefore, in this paper, previous data of ultrasonic velocities on molten silicates were reviewed 
at first, and then the compositional dependency of ultrasonic velocities of molten alkali silicates 
were discussed from structural viewpoint. As for the temperature dependency of acoustic 
properties, the ultrasonic velocity of molten silicates generally decreases with increasing 
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temperature. Although molten silicates exhibit so-called glass transition, there are very few 
reports with respect to the temperature dependency of acoustic properties of silicates around 
grass transition temperatures. Another aim of this paper is to measure the temperature 
dependencies of velocities and absorption coefficients of ultrasonic waves on molten alkali 
silicates so as to discuss the variation of acoustic properties with temperature around the glass 
transition temperature. 
 

Experimental 
 
The temperature and the frequency dependencies of velocities and absorption coefficients of 
ultrasonic waves have been measured on molten alkali silicates using the pulse transmission 
technique. Master glasses of (mol%) 33M2O·67SiO2 (M = Na and K) were prepared from 
reagent grade SiO2, Na2CO3 and K2CO3 powders. Powders were dried enough at elevated 
temperatures. Weighed mixtures of SiO2 and carbonates were placed in platinum crucibles and 
melted in air for 20 min at temperatures around 1450oC. After being degassed, glassy samples 
were prepared by pouring the melts onto a copper plate and crushed to obtain the samples. Figure 
1 shows the schematic diagram of experimental apparatus. The experimental setup consists of an 
alumina crucible (60 mm in outer diameter, 50 mm in inner diameter, and 50 mm in height) 
containing the sample and two buffer rods (30 mm in diameter and 265 mm in length) made of 
high-density polycrystalline alumina. The piezoelectric transducers of BaTiO3 crystal for 
acoustic pulses with the catalog frequencies of 1, 5 and 10 MHz (Olympus, Models A114S-RB, 
A108S-RB and A111S-RB) were fixed to the ends of the rods in line. 
 
A pulser-receiver (Panametrics-NDT, Model 5077PR) generated electrical signals (pulse voltage 
400 V, pulse repetition rate 100 Hz), which were converted to longitudinal acoustic pulses by the 
lower transducer. The longitudinal acoustic pulses traveling through the liquid sample were 
converted to electrical signals by the upper transducer, which were detected and amplified by the 
same pulser-receiver, and displayed on an oscilloscope (Sony Tektronix, Model TDS520D). 
 
After setting a sample in the furnace, the temperature was increased to the maximum 
measurement temperature and held at the temperature for 30 minutes. Subsequently, the sample 
was exposed to a vacuum for 30 minutes to remove air bubbles contained in the sample. After 
degassing, the vacuum pomp was stopped and the air was introduced into the furnace. 
Measurements were carried out in air during the cooling cycle until the temperatures at which the 
samples were solidified and the upper rod could not be moved. At each measurement 
temperature, the distance between two ends of the rods was altered by changing the position of 
the upper rod, where the change in the distance (�x) was measured by a cathetometer to an 
uncertainty of 10 �m. The transmission times were acquired for nine to ten different distances 
between two ends of the rods. 
 
In order to obtain the velocity, c, and the absorption coefficient, �, from the analysis of acoustic 
pulse, the pulse may have to be taken as a superposition of waves with continuous frequencies 
instead of a single wave. Therefore, the values of c and � have been determined using Fourier 
transform. The detail of the analysis was described in elsewhere.3) 
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Temperature Dependencies of Acoustic Properties3) 
 
Figures 2 and 3 show the temperature dependencies of the c and �� values at 1.2, 3.6 and 6.0 
MHz for 33Na2O·67SiO2 and 33K2O·67SiO2, respectively, where ��is the wavelength of 
ultrasonic waves. ���means the absorption per wavelength. Figs. 2 and 3 also include previous 
data.4,5) The liquidus temperatures of the samples are indicated by the dashed lines with ‘L.T.’. 
The error bars represent the standard deviations of nine to ten c and � values measured by 
changing the position of the upper buffer rod nine to ten times. The measurements for 
33Na2O·67SiO2 and 33K2O·67SiO2 were carried out until 898 K and 1113 K, respectively, which 
are around 200 K lower than the respective liquidus temperatures. It has been found that both 
samples are glassy after the experiments. It can be seen from Figs. 2 and 3 that the c and �� 
values are identical irrespective of frequencies above ca. 1400 K for 33Na2O·67SiO2 and ca. 
1500 K for 33K2O·67SiO2, respectively, while frequency dependency appears below these 
temperatures. Frequency dependency stems from the structural relaxation of molten silicates, 
which can be explained as follows: Molten silicates exhibit “glass transition”, which corresponds 
to a kinetic barrier dividing the behavior of silicate melts into two types, liquid and glassy. 
Liquid behavior is the equilibrium response of a melt to an applied perturbation. Glassy behavior 
occurs when the timescale of the perturbation is too short for melt equilibrium, that is, when the 
time required for structural rearrangements is much longer than the timescale of our observations. 
The time- or frequency- dependent response of the structure and properties of a melt to a 
perturbation is termed “relaxation”. Relaxation occurs around the glass transition temperature. It 
has been reported that the conventional “glass transition temperatures” obtained by thermal 
expansion measurement are 729 K for 33Na2O·67SiO2 and 755 K for 33K2O·67SiO2.6) In 
ultrasonic studies, the observation timescale is microseconds instead of seconds for thermal 
expansion. Hence, the temperature around which the relaxation occurs is raised by several 
hundred degrees above the conventional glass transition temperatures. 
 
It is found from Figs. 2 and 3 that the �� value increases and then decreases with decreasing 
temperature. This can be explained as follows: For a liquid at high temperatures, the structure is 
in equilibrium and the response of a melt to acoustic pressure is instantaneous. Upon cooling of 
the liquid into the glass transition region, the response of a melt to acoustic pressure is delayed. 
The absorption of acoustic energy is associated with this delay between acoustic pressure and the 
medium response (density or volume change). As decreasing temperature, the delay becomes 
larger, and the absorption of acoustic energy becomes greater. However, when the temperature 
decreases further, the structure of the glass is becoming frozen and hardly responds to acoustic 
pressure, resulting in the less absorption of acoustic energy. Consequently, the peak temperature 
of the ���versus T curve corresponds to the glass transition temperature for ultrasonic waves. 
 
Figure 4 shows the reciprocal of glass transition temperature versus logarithm of the reciprocal 
of frequency, that is, logarithm of the observation time. Here, it is assumed that the observation 
time is 1 s for thermal expansion. It can be seen that there is an identical relation between glass 
transition temperatures and observation times for the different observation techniques of glass 
transition temperatures, as Webb has suggested.7) 
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Compositional Dependencies of Ultrasonic Velocities8) 
 
Figures 5 through 7 show the reported ultrasonic velocities of the M2O-SiO2 systems (M = Li, 
Na and K) at 1573 K as a function of the M2O content. The velocity of the Li2O-SiO2 system 
increases from ca. 2700 m s-1 to ca. 3200 m s-1 with increasing the Li2O content from 30 mol% 
to 60 mol% except for the data reported by Bloom and Bockris.9) With respect to the discrepancy 
between the data by Bloom and Bockris and others, Baidov and Kunin10) and Rivers and 
Carmichael11) have pointed out that the alumina buffer rods that Bloom and Bockris used may 
have been seriously corroded in the melts during the experiment. Corrosion of alumina buffer 
rods would increase the true wave path length in the melts, leading to an underestimate of the 
sound speed. The velocity of the Na2O-SiO2 system slightly increases from ca. 2500 m s-1 to ca. 
2700 m s-1 with increasing the Na2O content from 15 mol% to 60 mol% except for the data 
reported by Shiraishi et al.12) The reason for the deviation in the results of Shiraishi et al. is not 
clear. On the other hand, the velocity of the K2O-SiO2 system decreases from ca. 2400 m s-1 to 
ca. 1800 m s-1 with an increase in the K2O content from 20 mol% to 50 mol% except for the 
value obtained by Shiraishi et al,12) which is much higher than other data. They have used an 
ultrasonic frequency as large as 10 MHz while other researchers have used frequencies less than 
4 MHz. As aforementioned, the ultrasonic velocity is generally independent of the frequency of 
waves, i.e., dispersionless. Dispersion means that the velocity varies with frequency. In fact, 
dispersion happens at very high frequencies (for example, with thermal phonons near the 
Brillouin zone boundaries) or for high viscous materials, in which part of the atomic movements 
cannot follow high frequencies of ultrasonics. In such an unrelaxed region, the velocity increases 
with an increase in the frequency. In fact, Bidov and Kunin10) have measured the velocities at the 
frequencies of 1 and 4.7 MHz, and have observed the dispersion in the melts of K2O-SiO2 having 
viscosities of the order of magnitude 100 Pa·s. Therefore, it is considered that 10 MHz is the 
frequency far above the relaxation region of the melt, and Shiraishi et al. have measured an 
unrelaxed ultrasonic velocity. 
 
It is surprising that the ultrasonic velocities do not always decrease with decreasing silica 
contents, i.e., increasing NBO/T. Figure 8 shows the relation between the ultrasonic velocities at 
1573 K and the molar volumes.8) It can be found that there is an identical linear relation between 
the ultrasonic velocities and the molar volumes. This indicates that the molar volume is one of 
the most significant factors affecting the ultrasonic velocity value. The difference between 
thermal conductivity and ultrasonic velocity with respect to their dependencies on NBO/T can be 
explained as follows: Vibrational cycles of thermal phonons (GHz to THz) are shorter than the 
average times required for the cutting and bridging of Si-O-Si bonds due to the movement of 
metallic ions. As a result, conductive heat transfer occurs reflecting the iconicity (or covalency) 
of atomic bonding. On the other hand, vibrational cycles of acoustic waves are longer than the 
times for the rearrangement of silicate structures. Therefore, the transfers of acoustic waves may 
be hardly affected by the iconicity of atomic bonding.  
 

Conclusions 
 
Temperature and frequency dependencies of velocities and absorption coefficients of ultrasonic 
waves were measured on molten 33(mol%)Na2O-SiO2 and 33(mol%)K2O-SiO2, and 
compositional dependencies of ultrasonic velocities were summarized on molten M2O-SiO2 (M = 
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Li, Na and K) so as to elucidate the relation between acoustic properties and silicate network 
structures. The following results were obtained: 
(1) The velocities and absorption coefficients of ultrasonic waves are identical irrespective of 

frequencies above ca. 1400 K for 33Na2O·67SiO2 and ca. 1500 K for 33K2O·67SiO2, 
respectively, while frequency dependency appears below these temperatures. Frequency 
dependency stems from the structural relaxation of molten silicates. 

(2) There is an identical linear relation between the ultrasonic velocities and the molar volumes 
for various alkali silicates. This indicates that the molar volume is one of the most significant 
factors affecting the ultrasonic velocity value. 
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Fig.1 Schematic diagram of the experimental apparatus with actual dimensions (mm). 1. 
Induction motor, 2. Receiver, 3. Al2O3 rod, 4. Pulsar, 5. Cathetometer, 6. Thermocouple, 7. 
Sample, 8. Ceramics tube, 9. Vacuum pump. 
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Fig.2 Temperature dependencies of the c and �� 
values at various frequencies ( 1.2 MHz, 
3.6MHz and 6.0MHz) for 33Na2O·67SiO2. 
The dashed line after Bockris and Kojonen.4) 

Fig.3 Temperature dependencies of the c 
and �� values at various frequencies ( 1.2 
MHz, 3.6MHz and 6.0MHz) for 
33K2O·67SiO2. The plain line after Baidov 
and Kunin5) and the dashed line after 
Bockris and Kojonen4). 

Fig.4 Reciprocal of glass transition temperature versus 
logarithm of the reciprocal of frequency, that is, 
logarithm of the observation time. 
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Fig.5 Velocities of the Li2O-SiO2 systems at 1573 K as a function of the Li2O content (mol%). 

Fig.6 Velocities of the Na2O-SiO2 systems at 1573 K as a function of the Na2O content (mol%). 

Fig.7 Velocities of the K2O-SiO2 systems at 1573 K as a function of the K2O content (mol%). 
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 Fig.8 Velocities of the M2O-SiO2 systems (M = Li, Na and K) at 1573 K as a function of the 
M2O content (mol%). 
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Abstract 

Waste Electrical and Electronic Equipment (WEEE) offers a significant resource for precious 
metals such as gold and silver. To maximize precious metal recoveries and sustainable use their 
behavior during WEEE smelting with copper as the collector metal needs to be characterized. This 
study experimentally determines the distributions of gold and silver between metallic copper and 
FeOx-SiO2-Al2O3 slag (LCu/s[Me] = [Me]Copper/[Me]Slag) in alumina-saturation over the oxygen 
potential range of 10-5–10-10 atm at 1300 °C. The experiments were conducted employing 
equilibration / quenching followed by major element analysis by Electron Probe Micro-Analysis 
(EPMA) and trace element analysis by Laser Ablation Inductively Coupled Mass Spectrometry 
(LA-ICP-MS) techniques. Our results show silver distribution increased exponentially from 30 to 
1000 as a function of decreasing oxygen partial pressure. Gold distribution was 105 at pO2 = 10-5

atm and >106 at pO2 = 10-6–10-10 atm.

Introduction 

The most important industrial use of gold and silver is in electrical and electronic equipment 
(EEE). Their quantities in electronics vary widely depending on the e-product and also through 
time and location [1]. In much of today’s sophisticated electronic equipment, including cell 
phones, computers and televisions, the precious metal amounts are considerable, even up to several 
thousands of ppm [2]. Thus, Waste Electrical and Electronic Equipment (WEEE) can be 
considered a high-potential resource for gold and silver. The recoveries of gold and silver from 
WEEE are favorably performed in the current copper-making circuits including copper converters 
and secondary copper smelters such as the Ausmelt furnace [1, 3]. 

The research concentrating on minor element behavior in WEEE smelting is a relatively new field 
of science, and no experimental study has been performed to investigate gold and silver 
distributions between copper and alumina-saturated SiO2-FeOx-Al2O3 slags. The presence of 
alumina refers to scrap-copper ie. copper raffinate, which contains significant amounts of 
aluminum after mechanical separation [4, 5]. Overall, the literature concerning silver and gold 
behavior in slags is surprisingly scarce and lacks an agreement in solubility and in the dissolution 
mechanisms. Silver distribution in the copper matte-slag system has been investigated recently 
with ambiguous results [6-10]. However, silver equilibria in copper-slag systems have been 
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examined only in few experimental studies [10-13] and thermodynamic assessments (also Au) [14-
16] despite numerous silver solubility studies in basic binary slags [17-21]. Gold equilibria in 
matte-slag system have been also explored by us [6, 7] and Yamaguchi et al. [22, 23]. Results from 
previous studies suggest that gold solubility in iron-silicate slag is effectively zero [24-27], and 
this idea has been used to detect mechanical copper or copper matte entrainment in slag. 
Interestingly, these studies reported gold concentrations of 40-80 ppm [25], 80 ppm [24] and 0-
800 ppm (50-400 ppm for most of the data points) [26] in slags. Additionally, only few other 
experimental studies about gold solubility in slags have been performed [12, 28, 29].

The purpose of the present study is to investigate the distribution behavior of gold and silver 
between molten copper and alumina-saturated iron-silicate slag in the partial pressure range of pO2

= 10-5–10-10 atm at t = 1300 °C. The initial alumina concentration in the slag was set to 20 wt% in 
order to simulate the presence of aluminum in WEEE. 

Experimental Procedure 

Sample preparation 

The copper master alloy was prepared by melting copper cathode (Boliden Harjavalta, 99.999 %) 
with approximately 1 wt% of Ag (Alfa Aesar, 99.95 %) and Au (Alfa Aesar, 99.95 %) in an
alumina crucible. The melting was performed at 1400 °C under 99 % Ar – 1 % H2 gas atmosphere 
for 12 hours. The master alloy was analyzed by EPMA. The initial gold content was measured to 
be 0.58 ± 0.13 wt% and silver 0.72 ± 0.21 wt%.

The slag mixture was prepared from pure commercial powders of Fe2O3 (Alfa Aesar, 99.99 %), 
SiO2 (Umicore, 99.99 %) and Al2O3 (Sigma-Aldrich, 99.99 %). The components were weighed 
out to an initial composition of 52 % of Fe2O3, 28 % of SiO2 and 20% of Al2O3. The slag 
components were thoroughly ground and mixed in agate mortar to form a homogeneous slag 
powder blend. 

Experimental apparatus and method 

The equilibration experiments were performed in a vertical tube furnace (Lenton LTF 16/45/450) 
including silicon carbide heating elements and an alumina reaction tube (impervious recrystallized 
alumina, 45 mm OD and 38 mm ID). The controller unit of the furnace was a Eurotherm 3216 
PID. The furnace temperature was measured with a calibrated S-type Pt / 90 % Pt – 10 % Rh 
thermocouple (Johnson-Matthey, UK, accuracy ±3 °C) and the ambient room temperature with a 
Pt100 sensor (Platinum Resistance Thermometer; SKS Group, Finland). The Pt100 sensor and the 
S-type thermocouple were connected to a Keithley 2000 and 2010 multimeter – data loggers and 
the temperature measurement data were collected employing a NI LabVIEW temperature logging 
program. The experimental apparatus is illustrated schematically in Figure 1.
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Figure 1. The experimental apparatus. 

Three gases were connected to the inlet gas train: N2 (purity ≥ 99.99 %), CO 4.7 (purity ≥ 99.997 
%) and CO2 5.2 (purity ≥ 99.9992 %; all from AGA, Finland). N2 were controlled by rotameter 
after each experiment as flushing gas, whereas the reagent gases of CO and CO2 were controlled 
by mass-flow controllers (Aalborg DFC26, USA; accuracy ±1 % of full scale). CO-CO2 mixtures 
were employed in order to control the oxygen partial pressure (pO2) in the furnace at the 
experimental temperature (1300 °C). The equilibrium reaction considered for gas atmosphere is, 

.     (1) 

The equilibrium constant K for reaction (1) is, 

.     (2) 

The CO2/CO ratios to produce the required oxygen partial pressures at 1300 °C were calculated 
using a K value of 71985.23 [31] and  of the target partial pressure. The calculated CO2/CO 
ratios for each oxygen partial pressure are shown in Table I. The CO2/CO ratio was set for a total
gas flow of 300 ml/min. 

Table I. Calculated CO2/CO flow ratios at 1300 °C.

(atm) CO2/CO ratio
1x10-5 227.64
1x10-6 71.99
1x10-7 22.76
1x10-8 7.20
1x10-9 2.28
1x10-10 0.72
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The required experimental time was determined with a set of experiments 1 h, 2 h, 4 h, 8 h and 16 
h. According to SEM-EDS results for the slag, aluminous spinels and copper on these test samples, 
equilibrium was reached in 8 h. However, to absolutely ensure full equilibrium, the run time for 
the experiments was set to 16 h. For each experiment, approximately 250 mg of copper master 
alloy and 250 mg of slag mixture were placed into an alumina crucible. Commercial alumina 
(Degussit AL23, >99.5 % Al2O3) crucibles with ID of 8mm, OD of 10mm and depth of 15mm 
supplied by Friatec NA, Germany were employed in the experiments. Two sets of experiments 
were executed. The alumina crucible was hooked to a platinum wire (0.5 mm diameter) in the 
bottom end of the reaction tube and introduced into the furnace. While the gas atmosphere was 
stabilized for 30–60 minutes, the sample was kept in the cold zone of the furnace, after which the 
sample was pulled into the hot zone of the furnace and equilibration initiated. As the equilibration 
time (16 h) was reached, the sample was released and quickly quenched in an ice-water mixture. 

Specimen analysis 

The specimens were prepared for microanalysis by cutting the sample into half, mounting the 
cross-sections in epoxy resin and employing traditional wet metallographic techniques to achieve 
polished sections. The analyses were performed with a Cameca SX100 EPMA with Wavelength 
Dispersive spectrometers (WDS) and an Excite193 nm ArF laser ablation system (Teledyne 
CETAC Technologies, Omaha, USA) with a Nu AttoM SC ICPMS (Nu Instruments Ltd., 
Wrexham, UK). 

The EPMA analyses were performed on copper, slag and solid aluminous spinel. The EPMA 
analyzing conditions used were: accelerating voltage 20 kV and beam current 40 nA. The beam 
diameter varied depending on the analyzed phase, for copper 100 μm, for spinel 1 μm and for slag 
10–100 μm. The average elemental detection limits obtained are presented in Table II. The 
detection limits were not sufficient to define the precious metal concentrations in slag and in 
aluminous spinels reliably. 

Table II. Elemental detection limits of EPMA (ppm). 

O Si Cu Al Fe Ag Au
1315 223 239 240 230 402 1753

LA-ICP-MS analyses was performed to detect gold and silver concentrations in slag. 11 analysis 
spots were taken from each sample. The laser was run at a pulse frequency of 10 Hz and a pulse 
energy of 4 mJ at 40 % attenuation to produce a energy flux of 2.99 J/cm2 on the sample surface 
with a 40 μm spot size. Analyses were made using time resolved analysis (TRA), with each 
analysis consisting of 20 seconds of background measurement prior to switching the laser on for 
60 seconds of signal measurement. Synthetic NIST SRM 612 glass (concentrations reported in 
Jochum et al. [32]) and 29Si have been used, respectively, as external and internal standards for 
quantification along with the USGS reference glass BHVO-2G as an internal check on data quality.
The measurements were performed over 12 elements (Mg, Al, Si, Ca, Fe, Co, Ni, Cu, Ag, Pt, Au, 
Pb) at low resolution (∆M/M = 300) using the fast scanning mode. Baseline reduction and 
quantification of the trace element data was performed using the Glitter software package
(GEMOC Laser ICP-MS Total Trace Element Reduction; Macquarie University, Australia). The 
instrumental uncertainty of the LA-ICP-MS technique was ± 5–10 %. 

196



Results and discussion 

Compositions of copper and slag 

The experimental results, as calculated averages with standard deviations (1σ) for copper alloy 
and slag, are presented in Table III and Table IV, respectively. 

Table III. EPMA results (wt-%) for copper alloy phase. 

sample no. pO2 (atm) Cu Ag Au O
F7 10-5 95.66±0.13 0.90±0.05 0.81±0.06 0.88±0.05

F19 10-5 94.99±0.17 1.02±0.04 1.06±0.11 1.07±0.12
F8 10-6 95.63±0.35 0.82±0.08 0.83±0.08 0.86±0.13

F25 10-6 96.09±0.11 0.95±0.08 0.82±0.07 0.59±0.08
F3 10-7 95.79±0.20 0.89±0.07 0.84±0.08 0.73±0.10

F21 10-7 96.05±0.17 0.94±0.10 0.81±0.08 0.77±0.05
F9 10-8 95.27±0.29 0.88±0.04 0.83±0.07 0.69±0.05

F26 10-8 96.05±0.11 0.93±0.07 0.82±0.06 0.65±0.07
F10 10-9 95.63±0.30 0.81±0.03 0.77±0.05 0.70±0.05
F27 10-9 96.04±0.12 0.90±0.05 0.85±0.07 0.63±0.05
F11 10-10 95.65±0.20 0.81±0.05 0.70±0.10 0.70±0.06
F18 10-10 95.36±0.12 0.94±0.05 0.83±0.05 0.72±0.06

Table IV. Slag analysis; EPMA results for main elements and LA-ICP-MS results for silver and gold. The number in 
brackets () refers to the number of analysis spots in which gold was observed above the detection limit and used to 

calculate the averages. 

Sample 
no.

pO2
(atm)

EPMA (wt%) LA-ICP-MS (ppm)
O Si Cu Al Fe Ag Au

F7 10-5 33.30±0.37 11.08±0.22 23.94±0.55 9.27±0.18 22.30±0.31 596.41±72.58 0.12±0.05
F19 10-5 34.22±0.18 11.88±0.23 22.18±0.61 9.58±0.09 22.02±0.26 624.92±47.50 0.05±0.01
F8 10-6 35.28±0.30 14.44±0.23 12.28±0.27 10.06±0.15 27.88±0.11 257.95±8.57 0.0066(5)

F25 10-6 37.19±0.53 15.26±0.43 10.14±0.50 9.64±0.21 27.70±0.35 269.25±31.92 0.0069(5)

F3 10-7 36.16±0.47 15.57±0.22 5.38±0.03 9.82±0.17 33.01±0.18 116.92±16.77 0.0065(2)

F21 10-7 37.91±0.44 15.72±0.10 5.02±0.13 10.50±0.07 30.80±0.28 116.91±10.69 0.0075(4)

F9 10-8 37.29±0.19 15.57±0.08 2.87±0.02 10.20±0.08 34.09±0.14 61.60±3.28 0.0066(2)

F26 10-8 38.62±0.22 15.07±0.12 2.52±0.05 9.51±0.08 34.22±0.14 44.11±6.34 0.0094(2)

F10 10-9 36.79±0.17 15.76±0.12 1.51±0.02 10.42±0.07 35.46±0.13 25.43±4.04 0.0073(2)

F27 10-9 37.10±0.17 16.21±0.07 1.42±0.01 10.47±0.06 34.73±0.16 24.49±0.67 0.0051(2)

F11 10-10 38.64±0.24 14.94±0.07 0.80±0.01 9.92±0.09 35.65±0.26 11.32±0.37 0.0070(5)

F18 10-10 39.39±0.11 15.28±0.08 0.70±0.03 9.79±0.12 34.78±0.12 12.24±0.22 n.d.(0)

The concentrations of gold and silver in copper stayed constant as a function of oxygen partial 
pressure. Smaller amounts of silicon (0.01–0.5 wt%), iron (0.01–0.7 wt%) and aluminum (0.03–
0.04 wt%) were also detected in the copper phase.  
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The slag composition is highly dependent on the oxygen partial pressure, as can be seen in Table 
IV. Gold solubility in slag was mainly below the detection limits. Only for the highest oxygen
partial pressure was gold detected in all analysis spots within the detection limits of LA-ICP-MS
method employed. In lower oxygen partial pressures, gold was detected at concentrations between 
5 and 9 ppb, and the average concentrations were calculated from the observed values in 0–5
analysis spots (marked in brackets in Table IV). To be strictly statistically correct, gold should be 
marked as n.d. (not detected) for all samples but F7 and F19. 

Distribution coefficients of precious metals between copper and slag 

The distribution coefficients of precious metals Me between copper and slag phases was defined 
as: 

, (3) 

where Me refers to silver and gold. The ratio is determined from the EPMA and LA-ICP-MS
analyses, see Tables III and IV. The uncertainties for the distribution coefficients were calculated 
from the equation: 

, (4) 

where σ and  are the standard deviations and the (arithmetic) averages of Me respectively in slag 
() and copper [] phases. 

The obtained distribution coefficients of silver with uncertainties as a function of oxygen partial 
pressure is presented in Figure 2. The (logarithmic) distribution coefficients increase linearly along 
with decreasing oxygen partial pressure with slope of 1/3. 

Figure 2. Distribution coefficients of silver between copper and FeOx-SiO2-Al2O3 slag at 1300 °C at a range of pO2. 
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The observed solubility of gold in the slag was mainly below the elemental detection limit of out 
LA-ICP-MS method employed, being above the detection limit only in the highest pO2

experiments. Figure 3 presents the distribution coefficient of gold between copper and slag as a 
function of oxygen partial pressure. The distribution coefficient of the detection limit (solid trend 
line) was calculated using the LA-ICP-MS detection limits of gold for the slag in the current 
measurements.    

Figure 3. Distribution coefficients of gold between copper and FeOx-SiO2-Al2O3 slag at 1300 °C at a range of pO2. 

The distribution coefficients of gold in the pO2 range 10-6 to 10-10 are not reliable as they are 
calculated only from 2-5 analysis spot results. So, in reality the true distribution coefficients are 
greater than the distribution coefficient of the detection limit in the pO2 range 10-6–10-10 atm, and 
hence, these values can be used as the minimum distribution coefficients of gold in this partial 
pressure range. It can be concluded that in pO2 = 10-5 atm the distribution coefficient for gold is 
around 105 and in the pO2 range 10-6–10-10 atm, it is above 106.

The distribution equilibria of minor element Me between metal and slag can be presented with the 
following equation [16, 19, 33]: 

. (5) 

If the compositions of the phases and the activity coefficients of the species do not vary 
significantly, then equation (5) can be rewritten as: 

, (6) 

where C includes the activity coefficients, the equilibrium constant of equation (5) and the total 
number of moles in slag and copper. This thermodynamic approach can be used to define the 
oxidation state of the minor element in the slag. For silver, the slope of 1/3 (Figure 2) suggests a
silver oxide form Ag3O2. However, there is no known silver oxide of this form, so possibly silver 
exists in the slag as a combination of different Ag species. Most previous studies have suggested 
Ag+ ions (AgO0.5) [10, 13, 18, 19] and Ag0 [11, 30] in slag. However, although Takeda [10] 
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suggested Ag+ ions to be present in slags, some of his slopes were close to 1/3 as in our study. In 
general, the distribution coefficient of silver in our study for alumina-saturated iron-silicate slags 
was higher than in Takeda’s study [10] for all investigated slags.   

Without any proper dependency between the distribution coefficient of gold and oxygen partial 
pressure, gold can be considered to dissolve into the slag as metallic species (Au0). In 
Swinbourne’s research [28] a combination of several Au species in IS and CF slags were 
suggested. In general, all the previous experimental studies [19, 24-26, 28, 29] show a higher gold 
solubility in the slags. In Celmer’s study [34] of gold distribution in nickel matte-slag system, 
Lm/s[Au], a significant difference between alumina-saturated and silica-saturated iron-silicate slag 
was found. At high matte grade (70 % Ni) the Lm/s[Au] was 6x higher in alumina-saturation 
compared to silica-saturation. The solubility, dissolution mechanism and form of precious metals 
in slag are dependent on the oxygen pressure, temperature, the equilibrium system and the slag 
composition, especially basicity [20, 28]. Thus, as no previous studies in this system at these 
conditions exist, information drawn from the previous studies should be considered relevant but 
not directly analogous and comparable to the results presented here. 

Conclusions 

With only limited information presently available on the precious metal behavior in copper-slag 
systems, this investigation provides valuable new insights and results in the field of WEEE 
smelting and the copper manufacturing technologies. The equilibrium distributions of gold and 
silver between copper and alumina-saturated FeOx-SiO2-Al2O3 slag were determined in the oxygen 
partial pressure range 10-5–10-10 atm at 1300 °C. An advanced and very sensitive experimental 
method, equilibration-quenching-EPMA/LA-ICP-MS, was applied in this study. The silver 
distribution coefficient increased exponentially from 30 to 1000 as a function of decreasing oxygen 
partial pressure. The gold distribution LCu/s[Au] is 105 at pO2 = 10-5 atm and 106 at a minimum for 
pO2 = 10-6–10-10 atm. Further work, with higher doping levels and improved measurement 
parameters, should allow better definition of gold distribution at low pO2 in these systems. 

Acknowledgements 

This research was financially supported by CLEEN Oy (Click Innovations OY), Kuusakoski Oy 
and Outotec as a part of ARVI project. The assistance of Lassi Pakkanen (GTK) in the EPMA 
analyses and Lassi Klemettinen in the LA-ICP-MS analyses is greatly appreciated. 

References 

[1] J. Cui, L. Zhang, Journal of Hazardous Materials, 158 (2008), 228-256. 

[2] P. Chancerel, Journal of Industrial Ecology, 13 (2009), 791-810. 

[3] M.E. Schlesinger et al., Extractive Metallurgy of Copper (5th edition, Oxford UK: Elsevier, 
2011), 455. 

200



[4] M. Pizzol, M.S. Andersen, M. Thomsen, "Greening of Electronics" (Danish Ministry of the 
Environment, Environmental, Project No. 1416, 2012). 

[5] G. John et al., "MTDATA and the Prediction of Phase Equilibria in Oxide Systems: Thirty 
Years of Industrial Collaboration", Submitted to Metallurgical and Materials Transactions B,
2016.

[6] K. Avarmaa et al., Journal of Sustainable Metallurgy, 1 (2015), 216-228. 

[7] K. Avarmaa, H. Johto, P. Taskinen, Metallurgical and Materials Transactions B, 47 (2014), 
244-255. 

[8] G. Roghani, Y. Takeda, K. Itagaki, Metallurgical and Materials Transactions B, 31 (2000), 
705-712. 

[9] G. Roghani, M. Hino, K. Itagaki, "Phase Equilibrium and Minor Element Distribution 
between Slag And Copper Matte under High Partial Pressures of SO2", (Paper presented at the 
International Conference on Molten Slags, Fluxes and Salts, 1997), 693-703. 

[10] Y. Takeda, G. Roghani, "Distribution Equilibrium of Silver in Copper Smelting System", 
(Paper presented at the first International Conference on Processing Materials for Properties: 
Honolulu, USA, 7-10 Nov., 1993), 357-360. 

[11] F. Richardson, J. Billington, Bull. Institution of Mining and Metallurgy, 593 (1956), 273-
297.

[12] P. Mackey, G. McKerrow, P. Tarassoff, "Minor Elements in the Noranda Process", (Paper 
presented at the 104th AIME Annual Meeting, New York, 1975), 27. 

[13] Y. Takeda, Transactions of the Japan Institute of Metals, 24 (1983), 518-528. 

[14] M. Nagamori, P. Mackey, Metallurgical Transactions B, 9 (1978), 567-579. 

[15] K. Nakajima et al., Environmental Science and Technology, 45 (2011), 4929-4936. 

[16] K. Nakajima et al., Materials Transactions, 50 (2009), 453-460. 

[17] J.H. Park, D.J. Min, Metallurgical and Materials Transactions B 30 (1999), 689-694. 

[18] J.H. Park, D.J. Min, Materials Transactions, JIM, 41 (2000), 425-428. 

[19] D. Swinbourne, "Solubility of Precious Metals in Slags", (Paper presented at the European 
Metallurgical Conference, EMC 2005), 1, 223-235. 

[20] D. Swinbourne, X. You, Transactions of the Institution of Mining and Metallurgy Section 
C-Mineral Processing and Extractive Metallurgy, 108 (1999), C59-C65. 

201



[21] B. ZIOŁEK, W. Szklarski, A. Bogacz, Archives of metallurgy, 36 (1991), 395-408. 

[22] H.M. Henao, K. Yamaguchi, S. Ueda, "Distribution of Precious Metals (Au, Pt, Pd, Rh and 
Ru) between Copper Matte and Iron-Silicate Slag at 1573 K", (Paper presented at the TMS Fall 
Extraction and Processing Division: Sohn International Symposium, San Diego, USA, 27-31 
August 2006), 1, 723-729. 

[23] K. Yamaguchi, "Distribution of Precious Metals between Matte and Slag and Precious 
Metal Solubility in Slag", (Paper presented at the Copper 2010), 3, 1287-1295. 

[24] R. Altman, Transactions of the Institution of Mining and Metallurgy, 81 (1972), 163-175. 

[25] J. Taylor, J. Jeffes, Transactions of the Institution of Mining and Metallurgy Section C-
Mineral Processing and Extractive Metallurgy, 84 (1975), C18-24. 

[26] J.M. Toguri, N.H. Santander, Metallurgical Transactions, 3 (1972), 586-588. 

[27] A. Geveci, T. Rosenqvist, Transactions of the Institution of Mining and Metallurgy, 82 
(1973), 193-201. 

[28] D. Swinbourne, S. Yan, S. Salim, Mineral Processing and Extractive Metallurgy. 114 
(2005), 23-29. 

[29] Y.S. Han, D.R. Swinbourne, J.H. Park, Metallurgical and Materials Transactions B, 46 
(2015), 2449-2457. 

[30] M. Kashima, M. Eguchi, A. Yazawa, Transactions of the Japan Institute of Metals, 19 
(1978), 152-158. 

[31] A. Roine, HSC Chemistry for Windows, vers. 6.12, Outotec Research, Pori. 2007. 

[32] K.P. Jochum et al., Geostandards and Geoanalytical Research, 35 (2011), 397-429. 

[33] A. Yazawa, "Thermodynamic Interpretation on Oxidic Dissolution of Metal in Slag", (Paper 
presented at the Pyrometall. Complex Mater. Wastes, Aust. Asian Pac. Course Conf. Minerals, 
Metals and Material Society, Warrendale, 1994), 61-72. 

[34] R.S. Celmer, "Cobalt and Gold Distribution in Nickel-Copper Matte Smelting", (Paper 
presented at the Nickel Metallurgy, Symposium Proceedings 25th Annual Conference 
Metallurgy, Toronto, Canada 17-20 August 1986), 1, 147-163. 

202



EXPERIMENTAL STUDY ON SMELTING OF WASTE SMARTPHONE
PCBs BASED ON Al2O3-FeOx-SiO2 SLAG SYSTEM

Youqi Fan1, Yaowu Gu1, Qiyong Shi1, Songwen Xiao2, Fatian Jiang1

1School of Metallurgical Engineering, Anhui University of Technology, Ma’anshan, Anhui, 
243002, PR China 

2Changsha Research Institute of Mining & Metallurgy, Changsha, Hunan, 410012, PR China 

Keywords: waste smartphone; PCBs; rare and precious metals; smelting

Abstract 

Waste smartphone, as an important type of secondary resource has high content of rare and 
precious metals. The traditional mechanical process could easily lead to the dispersion and loss 
of precious metals. In this research, a smelting method using Al2O3-FeOx-SiO2 slag system is 
proposed to recover the valuable metals in smartphone PCBs. Based on the evaluation of 
liquidus projection calculated and plotted by Factsage software, reasonable smelting 
temperatures and slag composition ranges were selected, namely 1300 -1500 , 10-15wt% 
Al2O3, FeO / SiO2 ratio of 0.8-1.5. Then several lab experiments were conducted, with Cu-Fe-
Sn-Ni alloy obtained. The results show that distribution of valuable metals could be controlled
by appropriate oxidation of iron. Rare metals primarily enrich in the alloy, and most of active 
metals like Fe, Al in slag as oxide. Recovery efficiencies of Cu, Ni, Sn, Au, Ag are more than 
95wt%.

Introduction 

Over the last five years, smartphones have rapidly replaced the traditional mobile phone many 
times over. Due to its high performance with numerous additional new applications,
smartphone sales surpassed one billion units in 2014 [1]. And large quantity of smartphone has 
reached their end of life. Besides of the basic metals as in mobile phone[2] like copper, nickel, 
lead, bismuth, lithium and precious metals silver and gold, it entails a relatively high content 
of special (some critical) and precious metals[3], such as Cobalt, Gallium, Indium, Niobium, 
Tantalum, Tungsten, Platinum group metals and Rare earths. Thus, recovering such valuable
metals is strongly required in terms of effective utilization of resources and environmental 
conservation. This research will focus on the recovery of printed circuit boards (PCBs) in 
smartphone.

Many processes have been developed to extract the valuable metals from PCBs. These are 
largely divided into mechanical, hydrometallurgical and pyrometallurgical processes[4]. In 
mechanical process, PCBs is usually shred to small pieces and grinded to particles in order to 
dissociate the organics from metallic components. Then physical separation methods are 
applied to obtain several concentrates, such as organics, iron and steel, light metals and copper-
rich metals, which are sent to special plants for further treatments. This process has been widely 
adopted in China to recycle the metals of PCBs in traditional household appliances because of 
its simple equipment, lower cost. Hydrometallurgical process[5] treats materials in aqueous 
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solution using chemical reagents like acid, alkali and salt. Then the valuable metals are 
separated and purified. This process can produce high purity products, but it is suitable for 
postprocessing due to the large consumption of reagent and risk of waste water pollution.
Furthermore, the PCBs generally need mechanical pretreatment. In the pyrometallurgical
process[6-8], PCBs are smelted with fluxes after simple shredding. A molten bath is formed 
containing slag and “collector metal” like copper, nikel, lead etc., into which the precious
metals dissolve and accumulate.

In either mechanical or hydrometallurgical processes, the precious metals easily disperse in the 
physical separation[9]. Among the above processes, the pyrometallurgical process is effective 
for extracting precious metals from smartphone PCBs[10-13]. Based on the chemical 
composition reported in literatures[14], copper is reasonable as a precious metals collector. 
And a difference Al2O3-FeOx-SiO2 slag system is proposed. This study will focus on the 
chosen of suitable slag region and evaluation of smelting performance using this slag system.

Experimental 

Raw materials 

The waste smartphones were collected from recyclers by internet, including the main types of 
smartphone in the market, such as Samsung, iPhone, Huawei, etc. The phones were reserved 
for disassembly and removal of printed circuit boards (PCBs) (Fig.1), which were used in the 
following mechanical and smelting processing and recovery of valuable metals. Compared 
with the traditional mobile phone PCBs[15], it is much smaller in volume for smartphone PCBs 
and lots of components are integrated on the multilayer board. Outside the chips, there are some 
stainless steel shielding case. The chemical composition of PCBs was shown in Table 1.

Table 1 Chemical composition of PCBs used in this research

Element Cu Fe Al Sn Ni Ag Au SiO2 CaO

Content (wt%) 28.11 12.66 5.72 2.53 2.65 0.168 0.049 9.67 2.42

(a) (b) 

Fig.1 Smartphone disassembled 

(a) Samsung GALAXY S3; (b) iPhone 4s; (c) PCBs in smartphone

(c) 
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Experimental procedures 

Fig.2 showed the summary flowchart of PCBs processing. Due to the varieties of shapes and 
metal quantities among different brands and models of smartphone, about 2 kilograms of PCBs 
were collected. A fine shredder was used together with a steel grate of small perforate size (20
mm). The small plates were then roasted at 700-800 in order to partially oxidizing the 
metallic elements, like aluminum, iron, silicon and so on. A drum vibrating mill was applied to 
grind the residues in finer particles (particle size < 1mm). After that, the powder were divided 
into several samples by quartering method and each sample weighted 150g. One of them was 
sent for chemical composition analysis. The others was mixed with flux ( Fe2O3 or SiO2)
according to the target slag composition. The mixtures was hold in corundum crucible and 
smelted for half hour at 1350~1550 in nitrogen atmosphere. When the sample was cooling 
down to room temperature, alloy and slag samples could be obtained by broken the crucible
(Fig.3). 

Analysis 

X-ray fluorescence (XRF) was used for quantification of the chemical compositions of solid 
samples. Scanning electron microscopy (SEM) and Energy Dispersive Spectrometer (EDS)
were used for detailed composition and phase analysis of. Chemical analysis and inductively 
coupled plasma (ICP-OES) measurements were used to analyze the composition of alloy and 
slag. 

Fig.2 The proposed flowchart of valuable metals 

recovery from waste smartphone PCBs 
Fig.3 The photograph of smelting product of 

smartphone PCBs 

Alloy 

Slag 
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Determination of Extraction Efficiency 

In the present study, the extraction Efficiency of metals EM were defined as: 

� � %100E �
	

�
MM

M
M SA

A
(1)

where, EM is the extraction ratio of M metal, AM is the weight (g) of M metal concentrated into 
the molten metal phase (alloy phase), and SM is the weight (g) of M metal remained in the slag 
phase. 

Results and discussion 

Choice of the slag system 

To estimate the melting temperature of the PCBs used in this work, it is need to confirm the 
slag system by investigating the chemical composition in Table 1. Generally, aluminum, silicon 
and calcium are easily enter into slag as oxides in smelting. Iron may also partially or 
completely be oxidized under certain oxidizing atmosphere. So the main composition of slag 
is composed of aluminum oxide, ferrous oxide (ferric oxide), silicon dioxide and little calcium 
oxide, namely Al2O3 – FeOx – SiO2 slag system. 

The isothermal liquidus lines (1200-1500 ) of the ternary slag system consisting of three main
slag components contained in the PCBs is shown in Fig. 4, which is calculated and plotted by 
the “phase diagram” module of Factsage 6.4. The oxygen partial pressure is set as 10-9atm
when the iron exists mainly as ferrous oxide. From Fig.4 it is revealed that the liquid phase 
area rapidly expands with the increase of temperature and the solubility of aluminum oxide can 

Fig.4 The isothermal liquidus lines of the Al2O3 – FeOx – SiO2 slag 
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reach 20wt% at 1300 to 35wt% at 1500 . The more of aluminum oxide in slag, the closer 
to “SiO2”corner of liquid phase area. It is reasonable for controlling the smelting temperature 
at 1300-1500 . Considering the high aluminum oxide content in PCBs, it is better to choose 
a slag composition with more Al2O3 solubility. So the displayed dished-line oval region in this 
figure is the target slag composition region that will be used to calculate the input ratio of PCBs 
and fluxes. 

The dot in the figure (29.4%Al2O3, 44.3%FeO, 26.3%SiO2) represents the weight-percent 
composition based on the total mass of just the three main slag forming oxides contained in the 
PCBs used in this study, given all the iron existing in slag as ferrous oxide. Its melting 
temperature located between 1400-1500 . The over content of aluminum oxide should be 
adjusted to the target region by adding some fluxes, especially at lower temperature.

Effect of pre-oxidizing roast and choice of alloy composition 

In order to determine the effect of oxygen partial pressure on smelting, two contrast smelting 
experiments were designed before and after the pre-oxidizing roast of PCBs. Fig.5 showed the 
photographs of smelting products without pre-oxidizing roast. Although well separation of 
alloy and slag was obtained, immiscibility of Fe-rich phase and Cu-rich phase was observed in 
the alloy. Seen from the corresponding chemical compositions of alloy and slag in Table 2 and 
3, the iron was partially oxidized into slag while considerable amount of it stayed in the alloy. 
It is revealed in Cu-Fe-Sn phase diagram of 1300 (Fig.6) that the solubility of iron is less 
than 10wt% when tin content fall in 5-10wt% (oval region). Or the alloy will easily form two
immiscible liquid, namely Cu-rich phase and Fe-rich phase. Consequently, it’s necessary to 
oxidize more iron to ferrous oxide so as to avoid the immiscibility of alloy. In this research, a 
pre-oxidizing roast process was introduced before smelting.

Fig.5 Photographs of smelting products and the immiscibility of alloy without pre-oxidizing roast 

(smelting for 0.5h at 1350 )

Fe-rich phase F 

Table 2 Average chemical composition of the alloy

Element Cu Fe Sn Ni

Content / wt% 49.25 25.24 8.06 5.24

Fe-rich phase 

Cu-rich phase 
Alloy 

Slag 
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Table 3 Chemical composition of the slag

Element FeO SiO2 Al2O3 CaO Sn Cu Ni

Content / wt% 22.62 39.42 15.30 8.61 0.041 0.884 0.011

Fig.6 Cu-Fe-Sn computed isothermal section at 1300 [16]

The effect of temperature and target Al2O3 content on recovery efficiency of valuable 
metals 

Two smelting experiments A and B were carried out respectively at 1350 and 1450 for 
0.5h using the pre-oxidized PCBs as raw material. The target Al2O3 content was set as 10-
15wt%. The product compositions is shown in Table 4. As shown in Table 4, FeO, SiO2, Al2O3

and CaO were the main components for obtained slags. FeO/SiO2 ratio is 1.07 and 1.25, right 
located in the oval region of Fig.4. The alloy mainly composes of Cu, Ni and Sn, while the Fe 
content falls down to 1wt% by pre-oxidizing of PCBs.

The mineralogical structure of the slag A was characterized by SEM and EDS analysis (Fig.7). 
The result shows that slag A are primary composed of bar-shaped Olivine ( 2FeO·SiO2) and 
compounds of CFAS. There are some square spinel of Al2O3·FeOx and inclusion dot of alloy.

Table 4 Chemical composition of the alloy and slag

No.
Content (wt%)

FeO SiO2 Al2O3 CaO Cu Fe Ni Sn Zn Pb Ag Au

A

1350

alloy / / / / 86.55 1.10 4.83 3.81 0.76 0.40 0.29 0.05

slag 39.29 31.41 10.37 8.36 0.38 / 0.06 0.08 1.10 0.06 4ppm 1ppm

B

1450

alloy / / / / 87.84 0.73 5.04 3.51 0.43 0.37 0.26 0.07

slag 35.7 33.16 13.62 7.12 0.68 / 0.12 0.14 1.11 0.09 3ppm 1ppm

Note: “/” mean the composition not analyzed 
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As can be seen from Fig. 8, recovery efficiencies of Cu, Ni and Sn for A are all more than 95wt% 
while that of Zn and Pb are only 23wt% and 65wt% (the data may be lower if considering the 
vaporization). When smelting temperature raise to 1450 the recovery efficiency decreases 
to some extent. It is obvious for Sn, Zn and Pb which may be due to the enhanced vaporization 
of them at higher temperature. But the change of temperature shows little effluence to precious 
metals Au and Ag, reaching 99.5wt% for both A and B.

Fig.7 Mineralogical structure of the slag A 

C-CaO; F-FeOx; A-Al2O3; S-SiO2

Fig.8 Recovery efficiency of valuable metals in smelting process 

Conclusion 

In this study, a smelting process is proposed to extract valuable metals contained in waste 
smartphone PCBs using Al2O3-FeOx-SiO2 slag system. Based on the evaluation of liquidus 
projection, suitable smelting conditions are selected, namely 1300 -1500 , 10-15wt% Al2O3,
FeO / SiO2 ratio of 0.8-1.5. by the contrast of the smelting performance, the iron content in 
alloy should be less than 10wt% to avoid immiscible liquid alloy, which can be realized with 
pre-oxidizing roast. Meantime, pre-oxidizing roast can also affect the metal distribution by 
appropriate oxidation of iron. In lab experiments, Cu-Sn-Ni-Fe alloy was obtained, in which 
most precious metals enriched. And almost all active metals like Fe, Al are oxidized and 
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concentrate in slag typically composed of 10-15wt%Al2O3, 35-40wt%FeOx, 30-35wt%SiO2,
7-9wt%CaO. At 1350 Recovery efficiencies of Cu, Ni, Sn are more than 95wt% as well as 
Au, Ag up to 99.5wt%.

In conclusion, the proposed process with Al2O3-FeOx-SiO2 slag system revealed an acceptable 
performance for smartphone PCBs recycling. The minor component in slag such as CaO, may 
further decrease the melting temperature and expand the liquid phase area. Thus this smelting 
process might be conducted in a lower temperature. Besides the metals concerned in this article, 
the distribution of other rare metals like In, Ga, Nd, and precious metals Pd, Pt are also worth 
of researching. 
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Abstract

Plenty of valuable metals, such as cobalt, nickel, copper, manganese and lithium, are present in 
spent lithium-ion batteries. A novel smelting reduction process based on MnO-SiO2-Al2O3 slag 
system for spent lithium ion batteries is developed, using pyrolusite ore as the major flux. And 
Co-Ni-Cu-Fe alloy and manganese-rich slag contained lithium are obtained. The results show 
that it is reasonable to control MnO/SiO2 ratio in the range of 2.05-3.23 (w/w) and Al2O3 content 
in 19.23-26.32wt.%, while the MnO and Li2O contents in the manganese-rich slag can reach 
47.03 wt.% and 2.63 wt.%, respectively. In the following leaching experiments of the 
manganese-rich slag by sulphuric acid solution, the recovery efficiency of manganese and 
lithium can reach up to 79.86% and 94.85%, respectively. Compared with the conventional 
hydro-pyrometallurgical process of spent lithium-ion batteries, the present can preferably recover 
Mn and Li besides Co, Ni and Cu. 

Introduction

With rapid market expansion of consumer electronics and electric vehicles, the consumption of 
lithium-ion batteries (LIBs) has been increased tremendously in recent years. At the same time, 
quantities of waste LIBs are generating worldwide, which could bring serious environmental 
issue. Spent LIBs contain plenty of valuable metals, such as cobalt, nickel, copper, manganese 
and lithium, as well as toxic ingredients [1-4]. Once discarding without proper treatment, both 
the environmental contamination and the waste of resource are inevitable. Therefore, developing 
advance technologies for spent LIBs recycling are of great significance.

The most common industrial processes for the recovery of valuable metals from LIBs are 
hydrometallurgy and pyrometallurgy methods[1]. Hydrometallurgical methods like Recupyl and 
Toxco processes are widely designed for specific type of batteries, which can’t adapt to the 
diversity of real spent LIBs [3]. In contrast, various types of used battery, such as LIBs with Al 
shells, polymer LIBs, and nickel metal hydride batteries, can be treated by a pyrometallurgical 
based process, such as Val’Eas and Inmetco processes [2]. Additionally, the pyrometallurgical 
based also has the advantage of higher throughput. A selection of suitable slag system is one of 
key factors that influence the efficiency of pyrometallurgical process. Now, the smelting 
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reduction process of spent LIBs generally used the CaO-SiO2-Al2O3 slag or 
FeO-CaO-SiO2-Al2O3 slag system. However, the manganese and lithium can’t be recovered 
effectively by conventional hydro-pyrometallurgical process which is based on above slag
systems [3, 4]. 

The present study proposes a new smelting reduction method of spent LIBs based on 
MnO-SiO2-Al2O3 slag system, in which the pyrolusite is used as the major slag former. After 
smelting, the Co, Ni and Cu from spent LIBs were concentrated into alloys, while the Mn and Li 
were enriched into slag phases. Effects of pyrolusite additon, SiO2 addition, CaO addition, and 
smelting temperature on the recoveries of Co, Ni and Cu were explored in detail. And the 
leachability of the manganese-rich slag obtained was also investigated.  

Materials and Methods

Materials

In this study, mixed spent LIBs which consist of LIBs with Al cans and polymer LIBs, were used 
as experimental materials. Table 1 presents the chemical composition of the LIBs. According to 
earlier study [3,4], the Al and C of spent LIBs exist as the form of metallic Al and graphite, 
respectively, which are used as reductant during the smelting process. 

Table 1 chemical composition of LIBs used in this investigation. 
Type Co Ni Cu Mn Fe Al Li C others

Al-cans 16.0 2.0 8.0 0.0 0.0 33.0 2.0 15.0 23.9
polymer 2.0 3.0 10.0 21.0 0.1 13.0 2.0 25.0 25.9

Pyrolusite is used as the major slag former. Table 2 shows the chemical composition of the 
pyrolusite. According to the XRD pattern of the pyrolusite given in Fig.1, it was found that the 
pyrolusite mainly consists of quartz (SiO2) and pyrolusite (MnO2).

Table 2 chemical composition of the pyrolusite in this study 
Elements MnO2 Fe P Al2O3 SiO2 CaO MgO

contents/% 63.05 2.60 0.85 2.41 13.33 4.70 0.71

Fig. 1 XRD pattern of pyrolusite

Experimental

212



To investigate the feasibility of the new process, the experiments were conducted using the 
procedure shown in Fig. 2. Smelting process consists of two steps: (1) firstly, the polymer LIBs 
were roasted at 800 for 2h in an muffle furnace to remove a partial carbon, and cooled in the
furnace. The spent LIBs with Al cans were sheared into several small parts, and then mixed with 
the roasted polymer LIBs according to the mass ratios of LIBs with Al cans to the polymer 
LIBs=1:1. (2) Secondly, the mixed batteries, pyrolusite, and slag modifier (CaO and/or SiO2) 
were together put into an alumina crucible with a cover after being thoroughly mixed. They were 
then melted at pre-determine temperature for 30 min in an electrical melting furnace (Box Type) 
with MoSi2 alloy heating rods. After smelting, the specimens were cooled down naturally to 
ambient temperature (~25 ). The crucible was withdrawn from the furnace. Subsequently the 
alloy and slag were manually separated and ground for chemical analysis. 

The manganese-rich slag obtained was firstly crushed, and ground to grain size <0.074 mm, then 
mixed with a determined amount of concentrated sulphuric acid (82 wt.%) corresponding to 
different acid to ore mass ratios. The obtained slurry was then heated at temperature 85 for 
60min in a loft drier. After heating, the slurry was then leached with water at room temperature. 
After 30 min the leached residues were filtered and dried for chemical analysis.

Polymer spent lithium-ion batteries(LIBs)

Pyrolusite CaO+SiO2Smelting reduction

Roasting

Calcine

LIBs with Al shells Mixing

Co-Ni-Cu-Fe alloy
Co/Ni/Cu recovery

Rich-manganese slag

Leaching

Solution
Li/Mn recovery

ResidueFiltration

Concentrated H2SO4

Fig. 2 Flow chart of Co, Ni, Cu, Mn and Li recovery from spent LIBs. 

Results and Discussion 

Effect of parameters on the smelting reduction process

Effect of pyrolusite addition Fig. 3 shows that the effect of pyrolusite addition on the recovery 
of valuable metals. It can be seen that pyrolusite addition did not obviously effect on the 
recoveries of Co, Ni and Cu, but had a significantly influence on the Mn recovery in alloy. Mn 
recovery decreased from 19.36% to 1.31% as the pyrolusite addition increased from 1.5 (w/w) to 
2.8 (w/w). A part of Mn in the batteries and pyrolusite was reduced into the alloy, which can be 
explained by the reduction of manganese oxide according to the following reactions [5,6]: 
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3(MnO)+2[Al]=3[Mn]+(Al2O3) (1)

(MnO)+C=[Mn]+CO g (2)

From an economic point of view, the lower composition of slag maker means less energy 
composition, so the pyrolusite addition of 1.5 (w/w) is appropriate. 
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Fig. 3 Effect of pyrolusite addition on the recovery of valuable metals (SiO2 addition 9.0%(w/w), 
CaO addition 2.0%(w/w), smelting temperature 1475 , smelting time 30min)

Effect of SiO2 addition Fig. 4 shows that the effect of SiO2 addition on the recovery of valuable 
metals. As verified in Fig. 4, the recoveries of Ni and Cu increased with the increasing of SiO2

addition from 0% (w/w) to 6.0% (w/w), and remained constant after that. Co recovery was about 
99% for the studied conditions. Mn recovery in alloy slightly increased until the SiO2 addition 
below 4.0% (w/w). When the addition of SiO2 exceeded 4.0% (w/w), the Mn recovery decreased 
obviously. The reason was probably that the activity of MnO from slag decreased with the
increase of the SiO2 addition, thus restraining the reductive ability of MnO and decreasing the 
manganese recovery [7]. The SiO2 addition of 6% (w/w) was appropriate. 
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Fig. 4 Effect of SiO2 addition on the recovery of valuable metals (pyrolusite addition 2.0(w/w),
CaO addition 2.0% (w/w), smelting temperature 1475 , smelting time 30min)

Effect of CaO addition Fig. 5 shows that the effect of CaO addition on the recovery of valuable 
metals. From Fig. 5, the recoveries of Co, Ni and Cu increased until CaO addition reached 
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2.0% (w/w), where 99.85% of Co, 99.52% of Ni, and 98.03% of Cu were recovered. Further 
increasing of CaO addition presented no benefit to metal recoveries. Mn recovery in alloy 
increased from 2.07% to 11.33% with the increasing of the CaO addition from 0% (w/w) to
8.0% (w/w). This is attributed to the increase of activity of MnO from slags according to 
previous study[8]. The appropriate CaO addition was 2.0% (w/w).
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Fig. 5 Effect of CaO addition on the recovery of valuable metals (pyrolusite addition 2.0(w/w), 
SiO2 addition 9.0%(w/w), smelting temperature 1475 , smelting time 30min)

Effect of smelting temperature Fig. 6 shows that the effect of smelting temperature on the 
recovery of valuable metals. It can be seen that the recoveries of valuable metals(Co, Ni and Cu)
increased with the smelting temperature below 1475°C. When the smelting temperature 
exceeded 1475°C, the valuable metals recoveries kept nearly a constant. Therefore, the suitable
smelting temperature was 1475°C. 

1425 1450 1475 1500
0

10

20

80

90

100

smelting temperature/

Cu
Co
Ni
Mn

re
co

ve
ry

 in
 a

llo
y/

%

Fig. 6 Effect of smelting temperature on the recovery of valuable metals (pyrolusite addition 2.0 
(w/w), SiO2 addition 9.0% (w/w), CaO addition 2.0% (w/w), smelting time 30min)

From the results mentioned above, the optimum condition of the smelting reduction experiment 
was pyrolusite addition of 1.5(w/w), SiO2 addition of 6.0%(w/w), CaO addition of 2.0% (w/w), 
smelting temperature 1475 , and smelting time of 30min. The results of the optimum condition 
test are shown in Table 3. As shown in Table 3, the recovery rates of Co, Ni, and Cu were 
99.79%, 99.30%, and 99.30%, respectively. The contents of MnO and Li2O in the slag obtained 
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were 47.03% and 2.63%, respectively. The major phases of the slag obtained were rich-calcium
tephroite ((Mn,Ca)2SiO4) and galaxite (MnAl2O4) by the XRD analyze as shown in Fig. 7. 

Table 3 experimental results under the optimum condition 
item Cu Co Ni Fe Mn Li2O

Recovery in alloy/% 99.30 99.79 99.30 / 19.13 /
Content in alloy/wt.% 21.78 24.43 5.05 10.85 30.13 /
Content in slag/wt.% 0.11 0.02 0.02 0.19 47.03* 2.63

*- content of MnO in slag

Fig. 7 XRD pattern of manganese-rich slag under the optimum condition 

Table 4 results of slags vary different experimental conditions.

conditions 
contents in slag obtained/% Simplified slag

MnO FeO Al2O3 SiO2 CaO MnO/SiO2 Al2O3

Pyrolysis addition
1.5 42.74 0.25 22.18 19.35 8.81 2.21 26.32
2.0 46.83 0.18 20.98 18.86 6.95 2.48 24.21
2.5 46.87 0.11 18.35 21.20 7.76 2.21 21.23
2.8 48.47 0.38 18.97 15.00 3.23 23.01
3.0 48.96 0.34 16.44 20.11 7.35 2.43 19.23

SiO2 addition
0.0 48.96 0.84 23.72 11.86 6.83 4.13 28.06
4.0 45.13 0.23 22.17 16.66 7.82 2.71 26.41
6.0 47.79 0.14 17.17 19.95 2.40 20.22
9.0 46.83 0.18 20.98 18.86 6.95 2.48 24.21
14.0 44.85 0.12 19.70 21.85 6.82 2.05 22.80

CaO addition
0.0 49.47 0.48 17.65 19.35 5.81 2.56 20.41
2.0 46.87 0.11 18.35 21.2 7.76 2.21 21.23
5.0 46.24 0.15 18.78 19.59 9.97 2.36 22.20
8.0 43.56 0.12 19.30 19.19 12.5 2.27 23.52

Analysis of appropriate slag composition 

Table 4 summarizes the results of slag compositions at different experimental conditions. It can 
be seen that MnO, SiO2 and Al2O3 were the main compositions for obtained slags, so it is 
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feasible to describe the slag systems by the simplified ternary system MnO-SiO2-Al2O3.
Haccuria et al has proposed that this system would be employed for the smelting process [9]. 
However, the suitable composition of slags wasn’t given. Assuming the compositions of the slag 
system is more suitable for the smelting reduction process of spent LIBs, when the recoveries of 
Co, Ni and Cu are up to 95%. Therefore, it can be concluded from Table 4 that the appropriate 
slag was MnO/SiO2=2.05-3.23 (w/w), and 19.23-26.32wt.% Al2O3 content. Moreover, It’s noted 
that the Al2O3 content in the manganese-rich slag is higher than that of slags for the Fe-Mn alloy 
production [10]. According to the results of Kim[11], the fluidity of these slags is very well 
under the temperature of 1475 , so that the slag-alloy separation may be very easy.

Leachability of manganese-rich slag

Lithium from spent LIBs is collected into CaO-(FeO)-SiO2-Al2O3 slag during previous 
pyrometallurgical based process. However, the content of lithium in slags was less than 1.50 wt.%
due to the high addition of slag maker, which can’t be recovered by economical methods. By 
comparison, the lithium content in the manganese-rich slag was higher, up to 2.63 wt.% (see
Table 3) in this study. This means that the extraction of lithium from the manganese-rich slag is 
more promising. In addition, most of manganese from spent LIBs and pyrolusite was enriched 
into the slag MnO-SiO2-Al2O3. Besides the Mn containing manganese-rich slag existed as the 
form of MnO due to the lower oxygen partial pressure of the smelting process according to 
previous study [12]. This means that MnO2 containing pyrolusite has been converted to 
acid-soluble MnO[13]. All of these are advantage to recover Li and Mn from the manganese-rich 
slag by the following leaching process. 

In order to investigate the leachability of managanese-rich slag, further experiments were carried 
out under conditions of a sulfuric acid concentration of 82 wt. % with various acid to ore mass 
ratios, heating temperature of 85 °C, and heating time of 120 min. the results are depicted in 
Table 5. When the sulfuric acid addition exceeds 1.0 (w/w), the Mn and Li leaching efficiencies 
reached 79.86% and 94.85%, respectively. This means that the Li and Mn from spent LIBs can 
be effectively recovered by the new developed methods. 

Table 5 results of the leachability of managanese-rich slag varying different sulfuric acid addition 
Sulfuric acid addition/ (w/w) Li leaching efficiency/% Mn leaching efficiency/%

0.75 80.13 65.66
1.00 94.85 79.86
1.25 94.14 79.72
1.50 92.41 76.39

Conclusions

The present study proposed a new smelting reduction method of spent lithium-ion batteries based 
on MnO-SiO2-Al2O3 slag system, in which the pyrolusite ore was used as the major slag former. 
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The Co-Ni-Cu-Fe alloy and lithium containing manganese-rich slag were obtained. The main 
results can be summarized as follows: 

(1) Under conditions of the pyrolusite addition of 1.5 (w/w), SiO2 addition of 6%(w/w), CaO 
addition of 2% (w/w), smelting temperature 1475 , and smelting time of 30min. 99.79% Co, 
99.30% Ni, and 99.30% Cu were recovered and the contents of MnO and Li2O in the slag 
obtained were 47.03% and 2.63%, respectively. The major phases of the slag obtained were
rich-calcium tephroite ((Mn,Ca)2SiO4) and galaxite (MnAl2O4). 

(2) MnO-SiO2-Al2O3 slag system for the smelting process was appropriate under the condition of 
about MnO/SiO2=2.05-3.23 (w/w), and 19.23-26.32wt.% Al2O3 content.  

(3) The lithium containing manganese-rich slag was leached in sulphuric acid media. The 
leaching efficiency of manganese and lithium reached 79.86% and 94.85%, respectively.
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Abstract 

In order to optimize the recycling process, fundamental understanding of the rare earths 
distribution in the slag and the precipitation behavior of the REE containing compounds during 
slag solidification are of significant importance. In this work, “in-situ” observations of rare earth 
containing phase precipitation, and solidification behavior of the CaO-SiO2-Nd2O3 and CaO-
SiO2-Nd2O3-P2O5 melts were performed using a confocal scanning laser microscope (CSLM) 
combined with an infrared imaging furnace heating (IIF). The compositions of the precipitates 
formed during cooling of those slags were examined using EPMA method.  The addition of P2O5

was found to influence the precipitation behavior and to decrease the liquidus as well as the 
solidus temperatures of the slags. 

Introduction 

The rare earths or rare-earth elements (REEs) are key resources in the transition towards an 
environment-friendly, low-carbon sustainable economy. The unique magnetic, luminescent and 
electrochemical properties of these metallic elements allow them to play an often irreplaceable 
role in a wide range of applications. As the consumption of rare earth materials is rapidly 
increasing, their recycling has also attracted immense attention [1-6]. The present research 
focuses on the recycling of rare earths through the combination of pyrometallurgical and 
hydrometallurgical routes. In order to optimize the recycling process, fundamental understanding 
of the rare earths distribution in the slag and the precipitation behavior of the REE containing 
compounds during slag solidification are of significant importance. In our previous study, the 
phase diagram of the CaO-SiO2-Nd2O3 system was constructed and two possible REE recycling 
schemes were proposed [7]. This work continues to study the precipitation and solidification 
behavior of this ternary slag through in-situ CLSM observation. Since rare earths have a high 
affinity to phosphate structures [8], the CSLM experiment was also carried out on the ternary 
system with an addition of P2O5.  

Experimental 

Based on the obtained phase diagram data and two possible REE recycling schemes proposed in 
our previous work [7], two slag compositions were chosen for the present study as shown in 
Table 1. Samples were prepared from high purity fine powders: CaO (obtained by calcination of 
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CaCO3, 99.99%, Chempur, CAS no.: 471-34-1), SiO2 (99.9%, Merck Millipore, CAS no.: 
14808-60-7), Nd2O3 (99.99%, Chempur, CAS no.: 1313-97-9), and CaHPO4 (98%, RPL, CAS 
no. 7757-93-9). For the quaternary CaO-SiO2-Nd2O3-P2O5 system, 5 wt% P2O5 was added to the 
ternary sample. The CSLM-IIF [8] was used to observe in-situ the precipitation and solidification 
behavior of the selected slags, which were prepared according to the isothermal-quenching 
procedure at 1600 oC. The slag sample was put in a Pt-20%Rh crucible placed on a sample
holder inside the CSLM heating chamber. The temperature calibration was performed using pure 
copper, nickel and palladium, separately, as references and the sample’s temperature was 
observed to be 85 ± 5 oC lower than the measured temperature using the thermocouple. Before
heating the sample, the CSLM chamber was evacuated and flushed with argon three times and 
then a constant Ar stream was maintained as 17 dm3/hour during the experiments. After being
held at the desired temperature for 5 minutes, the slag was cooled to solidify temperature at a 
predefined cooling rate then quench to room temperature for later microscope analysis. The laser 
scanned images of this cooling process were captured and used for further investigation. The 
schematic of this experimental setup was shown in figure 1. 

Figure 1: The experimental setup schematic 

Table 1: Compositions of samples. 
Sample CaO, wt% SiO2, wt% Nd2O3, wt% P2O5, wt%

CNS
CNSP

25.0
23.8

50.0
47.5

25.0
23.8

-
5
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For microstructure and phase composition analysis, the samples were mounted in resin, grinded, 
polished and coated with carbon. The samples are then analyzed by an electron probe micro-
analyzer (EPMA, JEOL JXA-8530F) equipped with standardized wavelength dispersive 
spectroscopy (WDS) and operated at 15 kV-15 nA. A 16.9 wt% CaO - 12.1 wt% Al2O3-54.3 
wt% SiO2-16.7 wt% Nd2O3 glass was used as standard. The average accuracy of EPMA 
measurements on the main elements is ±1 wt%.

Results and discussion 

From the previous study [7], a possible REE recycling scheme could be based on either enriching 
the amorphous slag in REE by the precipitation of the SiO2 and CaO.SiO2 non-REE-containing 
solid phases or by precipitating the REE-rich solid phase from the liquid region. By collecting 
either of these precipitates from the slag, a REE-enriched product can be obtained, which could 
serve as a REE-rich input stream in a next step of the REE recycling process. In order to examine 
the possibilities, the solidification behavior of a 25%CaO-50%SiO2-25%Nd2O3 slag is studied in 
this research. In order to investigate the influence of phosphorous, 5 wt% P2O5 was added to the 
ternary system by mixing CaHPO4 in the slag. 
The CSLM experiments were performed for these slags with a cooling rate of 20 °C/min. Since 
the slag was transparent before the precipitation of the first phase, the microstructure (i.e. grain 
boundaries) of the crucible bottom could be observed. By maintaining the focus of the 
microscope on the bottom of the crucible, the onsets of the precipitates were detected by the 
appearance, movement and growth of a new structure in the liquid. The CLSM images were 
continuously recorded during the experiments and the representative images are shown in 
Figures 2 and 3 for the CNS and CNSP slags, respectively. BSE images of the solidified slags 
are presented in figure 4. In figures 2 and 3, the first image represents the droplet sample in a 
complete liquid state at the indicated temperature. Circles, arrows are used to mark most visible 
precipitates, which appear as a brighter or darker color, depending on their positions. The figure 
2 shows a top view of the precipitates growing in the ternary slag. At 1469 oC, two precipitates
marked by circles A and B, could be clearly seen. These started to grow from heterogeneous 
nucleation sites at the bottom of crucible up to above 120 μm in size (Figure 2b, c). They were 
observed to have dendritic structure with very long needle-like branches as the white phase 
shown in figure 4a. Figure 2d shows another type of precipitate that started to form at 1429 oC,
which was transparent and its formation could only be confirmed by its movement within the 
liquid phase. As the temperature decreased, the newly formed precipitate grew, as indicated by 
the yellow arrow in figure 2e and f. For this slag, the compositional analysis shows the existence 
of two precipitated phases: Nd-rich needles and round-shaped SiO2 particles  (Figure 4a), which 
may obtained by the heat treatment progress [10]. The results indicate that the Nd-rich phase is 
the phase observed in figure 2b while SiO2 is the transparent phase that started to form at lower 
temperature, and show good agreement with our previous study [7]. 
When P2O5 was added to the slag, different precipitate morphologies were observed (Figure 3). 
In particular, as shown in figure 3b and c, the new irregular-shape precipitates prefer to form at 
the grain boundaries of the crucible. A BSE image of the samples indicates that the precipitate 
has a dendritic structure (Figure 4b). As the temperature decreased to 1223oC, the precipitate
particle number increased but there was no significant increase in its size (Figure 3 d -3f). In 
addition, no other type of precipitate was further formed during the cooling of the slag, which is 
in good agreement with the compositional analysis (Figure 4b).  
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Figure 2: The CNS slag a cooling rate of 20 °C/min (a) transparent liquid slag b) first 
precipitates appearing (c) first precipitates growing and moving (d) second type of precipitate 
forming in a dashed circle (e) second type of precipitate appearing (f) both types of precipitates 
growing and moving. 

Figure 3: The CNSP slag at a cooling rate of 20 °C/min a) transparent liquid slag b) precipitate 
appearing c) precipitate growing (d, e, f) precipitates increasing and growing. 
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Figure 4: Back scattering electron (BSE) images of (a) 25%CaO-50%SiO2-25%Nd2O3 and (b) 
23.8%CaO-47.5%SiO2-23.8%Nd2O3-5%P2O5 slags after the CSLM experiments. In Figure a, the 
needle-like white structure is a Nd-rich phase. 
Figure 5 shows the on-set precipitation temperature (liquidus) and solidification complete 
temperature (solidus) as a function of time for the different samples. With the addition of 5% 
P2O5 and the cooling rate of 20 oC/min, the liquidus temperature and the solidus temperature
decrease from 1484 to 1399oC and from 1284 to 1040oC, respectively.

Figure 5: Precipitation and complete solidification temperatures with cooling rate at 20°C/min 
of 25%CaO-50%SiO2-25%Nd2O3 and 23.8%CaO-47.5%SiO2-23.8%Nd2O3-5%P2O5 slags. 
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As a follow-up of this preliminary study to evaluate the potential of recycling REE from the 
waste through either the precipitation of the none-REE-containing solid phase from the Liquid + 
SiO2 region or the precipitation of the REE-rich ternary compound from the Liquid + Ca2+xNd8-

x(SiO4)6O2-0.5x region, CSLM experiments and EPMA analysis will be done at different cooling 
rates and different compositions. These data are necessary to construct the CCT diagram. which 
is a practical tool for the REE recyclers to select appropriate slag compositions and cooling rates 
and to optimize the process. 

Conclusion 

Precipitation of the rare earth rich ternary compound were in-situ observed in 25%CaO-
50%SiO2-25%Nd2O3 system with a cooling rate of 20 oC/min. The addition of P2O5 influences
the precipitation behavior and decreases the liquidus as well as the solidus temperatures of the 
slags. The results provide information on the selection of suitable flux materials for rare earth 
containing wastes recycling processes where slags are considered as the starting secondary raw 
materials, as an alternative to rare earth ores. The efficiency of REEs recovery and slag recycling 
can thus be enhanced by a properly engineered hot stage slag treatment process. 
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Abstract 

The recovery of rare earth elements from metallurgical slags containing rare earths is an 
important topic. The crystallization behavior of CaO-SiO2-CaF2-CeO2 system with CeO2 content 
range from 12 to 16 mass pct and a constant CaO/SiO2 ratio of 1 has been examined by using a 
confocal laser scanning microscope (CLSM). Diagram of continuous cooling transformation and 
that of isothermal (time temperature) transformation for the slag have been constructed to 
characterize the solidification behavior of the slag with cooling rates between 3.125 and 100 
K/minutes and temperature between 1373 and 1598 K. Depending on the CeO2 content in the 
slag, the primary crystalline phase of CaO-SiO2-CaF2-CeO2 system precipitates with elongated 
needle-like or short and rod-like crystals. The XRD analyses of crystalline phase of solidified 
slags confirm that the primary crystalline phase is a rare earth-rich phase Ca2Ce8O2(SiO4)6,
which contains no fluoride.  

Introduction 

Bayan Obo of China has the largest iron-rare earth-niobium deposit in the world, in which 71 
elements and 170 minerals have been detected. Up to 1980s, it has been mined merely as an iron 
ore. Currently, to utilize the rare earth resources of the Bayan Obo ore, the concentrates of iron 
and rare earth are separated with applications of various mineral processing techniques, 
including low and high intensity magnetic separation, anti-flotation and flotation processes.
However, only approximately 10 mass pct of rare earths can be recovered, while most of the rare 
earth minerals remain in the tailings and/or flow into blast furnace (BF) slags generated by using 
Bayan Obo ore. Since 1950s, effort has been attempted on recovering rare earth elements from 
the BF slags and tailings. Xu [1] found that the main rare earth containing phase in the BF slags 
and tailings is Cefluosil, i.e. 7[(Ca, Ce, Nd, La, Pr)2SiO4](F, O)10, which precipitates as a rod-like 
crystal during cooling of the BF slag with 12.6 pct REO content. To recover rare earth from 
Bayan Obo tailings, Jiang et al. [2] proposed a reduction method and Ding et al. [3] a melting 
process respectively, for separating iron and rare earth of the melts generated in the processes.
To efficiently separate rare earths from molten slags, it is significantly important to understand 
the crystallization behavior of rare earth phase during the slag solidification. By using a confocal 
laser scanning microscope with high temperature heating system (CLSM), this paper focuses on 
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the in-situ observation of the crystallization and solidification behavior of the CaO-SiO2-CaF2-
CeO2 system, which is relevant to the recovery of rare earth from Bayan Obo tailings and BF 
slag generated by using Bayan Obo ore.  

Experimentals 

A. Materials and Sample Preparation 

The BF and the direct reduction slags generated by using Bayan Obo ore contain 13 to 39 mass 
pct CaO , 11 to 35 mass pct SiO2, 3 to 18 mass pct REO, 10 to 36 mass pct CaF2 and minor 
impurities, such as FeO, MgO, Al2O3 [1-4]. To mimic these slags, chemistry of the slag in the 
present CLSM test was designed as in table . 

Table .  The Chemical Composition of Experimentally Synthesized Slag (mass pct) 
CaO SiO2 CeO2 CaF2

A 32 32 16 20
B 34 34 12 20

Synthetic slags were prepared from the chemical reagents, i.e. CaO (obtained by calcination of 
CaCO3, 99.9%, analytically pure, Aladdin Industrial Corporation), SiO2 (99.9%, analytically 
pure, Aladdin Industrial Corporation), CeO2 (99%, analytically pure, Baotou Steel Rare-Earth 
Hi-Tech Co.) and CaF2 (99.9%, analytically pure, Aladdin Industrial Corporation). These 
chemical powders were dried for 8 hours at 393 K under 0.08 MPa in a vacuum chamber and 
then weighed by using an analytical balance with 0.1 mg accuracy. The powders were mixed by 
an auto mixer (200 r/min) for 45 minutes to obtain a homogeneous sample. The mixture was 
further pressed to form a disc pellet with 6 mg weight for the following CLSM test.  

B. Experimental set-up and Procedure 

Firstly, samples were heated to 473 K at the heating rate of 200 K/min and maintained for 1 
minute to evaporate water in materials, and then heated up to 1773 K at the heating rate of 200 
K/min and held for 3 minutes to eliminate the bubbles and homogenize the melts. Figure 2(a) 
and (b) show the respective cooling history for investigating the continuous cooling 
transformation (CCT) and isothermal (time temperature) transformation (TTT) of the slags. 
The crystallization and solidification behavior of rare earths-bearing slags was in-situ observed 
by using a CSLM equipped with an infrared furnace (VL2000DX; Lasertec Corporation, 
Yokohama, Japan). The present experimental set-up is schematically shown in Figure 1. Slag 
sample was put in a Pt crucible placed on a sample holder inside the CSLM heating chamber. Before 
heating the sample, the CSLM chamber was evacuated and flushed with argon gas (Ar 99%) for 
three times and then a constant Ar stream (0.2L/min) was maintained during the experiments. The 
moisture and oxygen in argon gas were removed by a purifier.  
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Figure 1.  Schematic representation of CSLM experimental set-up. 

The temperature calibration was conducted by using pure copper (melting point: 1356K) and pure 
nickel (melting point: 1726 K) as references. The heating and cooling processes were controlled. 
Firstly, samples were heated to 473 K at the heating rate of 200 K/min and maintained for 1 
minute to evaporate water in materials, and then heated up to 1773 K at the heating rate of 200 
K/min, the temperature was held for 3 minutes to eliminate the bubbles and homogenize the 
melts. Figure 2(a) and 2(b) show the respective cooling history for investigating the continuous 
cooling transformation (CCT) and isothermal transformation (TTT) of the slags. For the CCT 
study (Figure 2(a)), after the slag had melted and homogenized at 1773 K, it was cooled to 1623 
K at the cooling rate of 500 K/min and held for 1 minute, then cooled to 1373 K at the various 
cooling rate ranged from 3.125 K/min to 100 K/min, followed by quenching the slag to room 
temperature. For the measurement of the TTT diagram, after the same heating process as that for 
CCT study, the slag sample was rapidly cooled at the cooling rate of 2000 K/s to the distinct 
temperatures ranged from 1373 K to 1598 K and maintained at the respective temperature for 5
minutes, followed by quenching the slag, as shown in Figure 2(b).

The crystallization and solidification of slag samples were in-situ observed and recorded. The 
obtained images were extracted from a series of CLSM video sequences at a rate of 5 frames per 
second. These images were used for further investigation, such as estimation of number, size and 
volume of the precipitates, determination of the on-set precipitation temperature for constructing 
the CCT and TTT diagram. Furthermore, the cooled samples were examined using scanning 
electron microscope(QUANTA 400, FEI) and X-ray diffraction (D8 ADVANCE, BRUKER). 
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Results and Discussion 

A. Crystallization Process and Crystals Morphology of CaO-SiO2-CaF2-CeO2 Slag 

Since the molten slag was transparent, by maintaining the focus of the CLSM on the bottom of 
the crucible the on-sets of the crystallization were detected by the appearance and growth of a 
new phase in the slags.  Figure 3 illustrates a representative melting and crystallization process of
the slag A with 16 mass pct CeO2 content. The slag started to sinter at around 1200 K (Figure 
3(a)). The start of the melting was observed at around 1363 K with generation of a large number  

Figure 3. In-situ observation of melting and crystallization process for slag A using a CLSM. (a) 
beginning to sinter; (b) liquid appears; (c) transparent liquid slag; (d) on-set of a primary phase 

precipitation; (e) fast growth of the crystals 

of gas bubbles (Figure 3(b)), and the slag became liquid at 1662 K, where the bottom of the
crucible can be seen clearly as in Figure 3(c) due to the transparency of the liquid slag at high 
temperature. The sample was continuously heated up to 1773 K to ensure a fully liquid state. 
After holding for 3 minutes the slag was cooled down with a cooling rate of 6.25 K/min for in-
situ observation of the solid phase precipitation. The primary phase with an elongated needle-like 
crystal precipitated at around 1445 K (Figure 3(d)) and the newly formed precipitate grew with
further decreasing temperature (Figure 3(e)).  

Figure 4 shows the representative CLSM images for the crystallization of slag B with 12 mass pct 
CeO2 content at the cooling rate of 3.125 K/min. Compared to the crystallization of slag A, the
following three crystallization characteristics were identified. Firstly, a multiple number of the
crystals precipitated in the beginning of slag solidification (Figure 4(a)), whereas only a limited

crystal 

260um (a) (b) 

(c) (d) (e) 

260um 

260um 260um 260um 
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number of crystals appeared in slag A at the initial crystallization stage (Figure 3(d)). Secondly,
instead of the crystals with elongated needle-like shape in slag A (Figure 3(e)), the short and rod-
like crystals were seen in slag B (Figure 4(b)). Thirdly, the rod-like crystals were aligned in
parallel (Figure 4(b)). Comparing with the two kinds of crystals, it is obvious that the elongated 
needle-like crystals in slag A are much longer than the rod-like crystals in slag B.  

Figure 4. In-situ observations of the crystallization process for slag B using a CLSM. (a) a
number of rod-like crystals precipitated in the beginning of slag cooling; (b) crystals grew and

aligned in parallel. 

B. Non-Isothermal and Isothermal Solidification Diagrams of 32 mass pct CaO - 32 mass pet
SiO2 - 20 mass pet CaF2-16 mass pct CeO2 Slag (Slag A) 

To quantitatively understand slag solidification behavior, the on-set precipitation temperature as a 
function of time for sample A was plotted for the continuous cooling (CCT diagram in Figure 5(a)) 
and isothermal solidification (TTT diagram in Figure 5(b)) respectively. Due to the limitation of 
the CLSM resolution, the on-set precipitation temperature was defined as the temperature measured 
at the moment of the primary phase with 100 μm size. With increasing cooling rate from 3.125 to 
100 K/min, the initial crystallization temperature decreased from 1460 to 1293 K (Figure 5(a)). 
For the isothermal solidification, on the other hand, the crystal incubation (or nucleation) time 
increased from 7.9 to 60.2 seconds as the isothermal solidification temperature increased from
1373 to 1598 K. These diagrams will provide a basis for selecting appropriate slag cooling rates and 
solidification temperature to optimize the recovery process of rare earth from Bayan Obo tailings
and BF slag generated by using Bayan Obo ore.  

Figure 5. Continuous cooling and isothermal solidification behaviors of slag A. (a) CCT and (b) 
TTT diagrams 

(a) (b) 260um 260um 
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C. Analysis of Crystalline Phase of the Solidified Slags 

In order to investigate the microstructure and phase composition of crystal, the samples after in-
situ observation were examined for the isothermal experiments of Slag A and slag B at 1423K. 
Figure 6 (a) and (b), respectively, show morphology of the crystals on the slag A and slag B 
surface. The crystals in slag A are thick hexagonal prisms, while that of slag B are thin and tiny 
hexagonal prisms like the letter “H”. The “H”- like crystals were aligned in parallel, which is in 
an agreement with the in-situ CLSM observation (Fig. 4), while crystals on slag A surface is 

Figure 6. SEM photographs of the surface and polished surface. (a) surface of slag A, (b) surface 
of slag B, (c) cross section of slag A and (d) cross section of slag B 

randomly directed. By cutting the slag sample perpendicular to the top slag surface, the crystals 
in both slag A and B show a hollow hexagonal prism shape (Figure 6(c) and (d)). However, the 
size of crystals in slag A is much bigger than that in slag B.  

The phase compositions of crystals in slag A and B are analyzed by EDS as shown in table . It 
is obvious that rare earths enriched in crystals of hexagonal prisms with hollow, while there are 
only 1 to 2 wt% rare earth  in the slag matrix. 

a  b  

c  d  

1 
2 

3 
1 

2 

3 
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Table . The Content of different locations by EDS (mole pct) 
Ca Si Ce O F

‘1’ of figure 6(c) 17.67 20.54 1.1 51.06 9.62
‘2’ of figure 6(c) 10.93 18.17 11.71 59.18 -
‘3’ of figure 6(c) 18.52 20.9 1.47 50.26 8.85
‘1’ of figure 6(d) 16.32 20.12 0.96 52.0 10.6
‘2’ of figure 6(d) 11.27 19.17 11.58 57.98 -
‘3’ of figure 6(d) 19.32 18.65 1.53 46.3 14.19

The primary crystalline phase observed in the CLSM test was identified with XRD analysis after 
high temperature experiment. 5 g of slag A sample were melted and then solidified with the same 
thermal history of the CLSM test. The obtained sample was characterized with X-Ray 
Diffraction and its characteristic pattern is shown in Figure 7. The primary crystalline phase was 
identified as a rare earth concentrated Ca2Ce8O2(SiO4)6. 
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Figure 7. XRD patterns of the solidified slag A 

Conclusion 

The confocal scanning laser microscope (CSLM) was employed to study the crystallization 
behavior of CaO-SiO2-CaF2-CeO2 slags with CeO2 content ranged from 12 to 16 mass pct and a 
constant CaO/SiO2 ratio of 1. CeO2 content influences nucleation, growth and morphology of the 
primary crystals. With increasing CeO2 content, shape of the primary precipitate changes from 
an elongated needle-like to a short and rod-like crystal. Furthermore, lowering CeO2 content 
favors nucleation of the primary phase during solidification. The CCT and TTT curves for 32 
mass pct CaO - 32 mass pet SiO2 - 20 mass pet CaF2 - 16 mass pct CeO2 slag (Slag A) were 
determined to characterize the crystallization behavior of the slag with cooling rates between 
3.125 and 100K/minutes and temperature between 1373 and 1598 K. The primary crystalline 
phase was identified as a rare earth concentrated Ca2Ce8O2(SiO4)6. 
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Abstract 

Crystallization behavior of blast furnace slag is of great interest for generating value-added 
products from slag, such as cement feedstock, where the slag structure determines the material 
quality. Aided with a Hot Thermocouple Device, the kinetics of crystallization of CaO-SiO2-
Al2O3-MgO slags was determined. The rate of nucleation and growth of crystals were measured 
for a range of slag basicities, temperatures, and hold times. 

Introduction 

Blast furnace slags constitute over 50% of the total slag produced worldwide, amounting to 320 
million tonnes per year. [1]. Blast furnace slags are most desired as feedstock for Portland 
cement production due to the large contents of silica and lime in these slags. For this application 
blast furnace slag has to be cooled rapidly to form an amorphous structure, as otherwise it will 
cause swelling of the concrete made from slag cement. Therefore, understanding of the 
crystallization behavior of BF slag is crucial with the purpose of controlling the cooling 
conditions or manipulating the slag composition so that the desired amorphous structure is 
achieved. Crystallization kinetics of mold fluxes has been previously studied by other 
researchers [1-7] due to their important role in steel continuous casting mold. However, similar 
investigations for metallurgical slags are limited [8-11]. In a recent study, [11] the transformation 
kinetics of a slag with composition close to the BF slags has been studied but to this date, a 
comprehensive study on the effect of composition on the rate and extent of crystallization is 
lacking.  

Experimental Apparatus and Method 

The kinetic study was carried out using the Single Hot Thermocouple Technique (SHTT). In this 
technique, a small piece of sample, is placed in tip of a type-B thermocouple (D=5mm) which is 
controlled by a thermocouple driver. The thermocouple acts as the heating element at the same 
time that it measures the temperature of the sample. This technique allows rapid heating/ cooling 
of the materials as well as in-situ observation of the crystallization kinetics. Also, higher 
accuracy ofF temperature measurement is possible due to the direct contact of the thermocouple 
with the sample.   
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Four CSAM slag samples with varying basicity (C/S=CaO/SiO2) were prepared (Table 1). For 
each slag composition (wt %), 10 g of oxide powders were blended and melted in a graphite 
crucible (D=4cm, h=4cm) by heating the material to approximately 50°C above the slag liquidus 
temperature for 4 hours in an argon atmosphere. To avoid segregation during solidification, the 
molten slag was quenched in water, producing a glassy material from which small quantities 
were used for the crystallization study. 

Table 1- Composition of the slag samples 

Sample 
number

1 2 3 4

CaO 47 45 44 42
SiO2 33 35 36 38
Al2O3 15 15 15 15

MgO 5 5 5 5
(°C)* 1578 1444 1430 1396

C/S 1.4 1.3 1.2 1.1

* Liquidus temperature determined from FactSage™ calculations

The isothermal experiments were carried out by heating 3-5 mg of sample to 1600°C and holding 
it for 1 minute then cooling rapidly 70-75°C/s to the target temperature. The transformation of 
glassy to crystalline slag was recorded until the sample was fully crystalline.  

Isothermal Transformation Kinetics 

Theoretical Treatment of Transformation  

For quantifying the transformed volume fraction during isothermal transformation, the 
theoretical treatment was carried out through JMAK equation (1) [12-16].

(1)

This expression describes the relationship between the transformed volume fraction and time as a 
sigmoidal curve. The coefficient K is a kinetic parameter which includes both nucleation and 
growth rates and Avrami exponent, , can provide useful information on the mechanism of 
transformation.  

Experimental Determination of Phase Change 

Using image analysis techniques, the crystallized fraction of each slag was determined for 9-10 
different isothermal temperatures ranging from 1100 ̶ 1300ºC and repeated 3-4 times at each 
temperature. As an example, the crystallized fraction during isothermal transformation for slag 
sample with C/S=1.2 at 1200ºC is shown in Figure 1. In these figures, the light regions are 
opaque crystals which form in the transparent amorphous slag matrix. The bright ring appearing 
in the middle of some of these figures is due to the additional light source used to increase the 
image resolution.  
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Figure 1- Crystallization of slag with C/S=1.2 at 1200°C isotherm ( =incubation time). 

Determination of the Avrami parameters 

The crystallized fraction from the isothermal treatments were found to follow a sigmoidal form 
Figure 2-a), described by the JMAK equation (1). In this figure it is observed that with the 
increase of temperature the crystallization is slower. This is due to the fact that nucleation is the 
dominant mechanism of crystallization and at higher temperatures there is less nucleation driving 
force thus lower kinetics. The mechanism of crystallization for all the slags has been discussed 
further in the following sections.  

Constants and could be obtained by plotting  verses  (2) and 
Figure 2-b with values presented in Table 2.   

(2)

Figure 2- (a) Crystallized fraction as a function of time (b) JMAK plots for the slag with 
C/S=1.4. 
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Table 2- Avrami exponent (n) and Lnk

C/S=1.4 C/S=1.3 C/S=1.2 C/S=1.1
Temp (°C) n Lnk n Lnk n Lnk n Lnk

1100 ‒ ‒ 1.9 -1.8 2.0 -1.8 ‒ ‒
1120 3.1 -0.8 1.4 -2.3 1.5 -1.9 ‒ ‒
1130 ‒ ‒ 1.3 -2.6 1.6 -2.0 1.5 -5.4
1140 2.9 -1.1 1.3 -2.7 1.7 -2.1 1.5 -5.4
1150 2.7 -1.4 2.0 -2.8 1.9 -2.2 1.4 -4.9
1160 3.9 -1.3 1.4 -2.1 1.4 -2.3 2.0 -5.0
1170 3.1 -1.2 1.7 -2.0 1.8 -2.0 ‒ ‒
1180 2.8 -1.3 1.6 -2.0 1.9 -2.2 1.9 -4.7
1200 4.0 -1.9 1.7 -2.4 1.9 -2.2 2.2 -4.7
1250 3.8 -2.2 2.1 -3.0 1.7 -2.2 2.0 -5.1
1270 ‒ ‒ ‒ ‒ ‒ ‒ 2.0 -5.3
1300 4.0 -2.6 1.6 -2.9 1.8 -2.9 ‒ ‒

Nucleation Rate 

Depending on the nucleation mechanism, the nucleation rate may increase, decrease or remain 
constant with time. The dependence of nucleation rate on time was investigated by image 
analysis. The resulting nucleation rates for all slag compositions at T= 1200°C are presented in 
Figure 3. As seen, the slag with C/S=1.4 experiences a significant increase in the nucleation rate 
with time. On the other hand, for the slag with C/S=1.2 and 1.3, the nucleation rate decreases 
with time. As the basicity is further decreased (C/S=1.1), the nucleation rate becomes close to 
zero. 

Figure 4 shows  verses  for various slags. As seen, at a constant temperature the rate 
constant increase with the increase of C/S. This is due to the oxide structure becoming 
depolymerized and the bonds weakened as the C/S increases resulting in lower viscosities. With 
the decrease of viscosity the ionic mobility increases and it becomes easier for the structure to 
rearrange and accommodate the changes induced by crystallization. 
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Figure 3- Change of nucleation rate with time for 
all slags at T=1200°C.
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Growth Rate 

The growth rate can also be determined by measuring the thickness of the crystals at different 
times, using image analysis, as shown in Figure 5. For each slag, the measurements were made 
for three temperatures (1150°C, 1200°C, 1250°C) and the growth rate was measured until the 
crystal under study grows independently and before colliding with any neighboring crystals. The 
result of this analysis is presented in Figure 6. The slope of these curves which are all constant 
with time corresponds to the growth rate of individual crystals (i.e. constant growth rate), and are 
presented in Table 3.  

Figure 5- Growth rate measurement for sample with C/S=1.2 at T=1250°C (a) = 6s (b )
.

Figure 6- Crystal thickness verses time (a) C/S=1.4 (b) C/S=1.3. 
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Table 3- Crystal growth rate (mm/s) at different temperatures. 

Basicity (C/S)
Growth rate (mm/s)

1250°C 1200°C 1150°C
1.4 68 58 44
1.3 58 53 40
1.2 38 32 29
1.1 10 8 4

The dependence of growth rate on time may provide some indications to the mechanism of 
growth. In most cases, linear dependence corresponds to interface-controlled growth whereas 
when growth is proportional to the square root of time, the growth can be considered to be 
diffusion-controlled. However, in the former case, it has been suggested that a constant growth 
rate does not always translate to interface-controlled growth [17-19] and for determining the 
mechanism of growth it is best to examine the morphology of the interface in atomic scale. In 
general, when faceted interface is observed, the rate-controlling step is the interface reaction. 
However, when the interface is rough and cellular, such as dendritic growth, the rate limiting 
mechanism for growth is diffusion [20]. In the case of the compositions in the current study, the 
morphology of the interface was not examined in near atomic scale but an observation through a 
microscope clearly shows that the interface is not faceted which confirms a dendritic growth 
(Figure 7).  

(a) (b)

Figure 7- Fully dendritic interface morphology for sample with C/S=1.1 at a) T=1270°C b)

1250°C

Mechanism of Slag Crystallization 

The   values obtained from experiments were compared with theoretical values to determine the 
crystallization mechanism pertaining to the slags of the present study. As discussed earlier, the 
growth for slags appear to involve a diffusion-controlled process. For slag with C/S=1.4, the 
nucleation rate is increasing, which according to the  values suggested by Christian [21], 
indicates that  must be above 2.5. This is in agreement with the measured value of 

 presented in Table 2. However, for the slag with C/S=1.2 and C/S=1.3, the nucleation rate is 
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decreasing which would suggest  values between 1.5-2.5. This is also consistent with the 
measured values of  which falls within the same range as demonstrated in Table 2. For the 
sample with C/S=1.1 the nucleation rate is close to zero which again shows a match between the 
measured  values and the those suggested according to Christian [21] for temperatures below 
1160°C (n=1.5). The only existing discrepancy is for sample with C/S=1.1 at temperatures above 
1160°C which is attributed to the lower contrast between the matrix and the crystals which 
results in difficulty in defining the starting point of nucleation of this sample. 

Conclusion 

In this study, crystallization kinetics of synthetic CaO-SiO2-Al2O3-MgO (CSAM) slags with 
different basicities were studied by Single Hot Thermocouple Technique (SHTT) during 
isothermal treatment. Kinetic parameters were obtained by analysis of images from in-situ
observation of glassy to crystalline transformation. Also, the dependence of nucleation and 
growth rates of crystalline phases were quantified as a function of time, temperature, and slag 
basicity. Together with the observations of crystallization front, they facilitated establishing the 
dominant mechanisms of crystallization. 
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Abstract 

Formation of freeze-linings from aggressive process slags is used in industrial 

pyrometallurgical processes to protect the furnace wall. In this laboratory study, the formation 

of freeze-linings from fayalite-based (FeO-SiO2-Al2O3-CaO) slags was investigated. This was 

performed with a gas-cooled probe at 1200 °C under protective atmosphere. The microstructure 

of the freeze-linings formed on the samples was characterized using scanning electron 

microscopy (SEM). The influence of cooling rate, slag agitation and slag composition on the 

freeze-lining formation was studied by varying the gas-flow rate, rotating the crucible and 

changing the CaO and Al2O3 contents in the fayalite-based slag, respectively. The results 

indicate that fayalite (Fe2SiO4) precipitated from the slag and grew into large columnar crystals 

along the heat gradient from the cooled probe to the bath slag. The thickness of the freeze-lining 

increased with increasing cooling rate, while an increase in the slag agitation and the CaO and 

Al2O3 contents in the slag decreased the thickness of the freeze-lining. These macroscopical 

observations are discussed with respect to the microstructural evolution in the formed freeze-

lining samples. 

Introduction 

In conventional pyrometallurgical processes, refractory materials are commonly used to line 

furnaces/vessels. However, high smelting intensity, chemical corrosion by the slag and thermal 

stress in the refractories can drastically shorten the lifetime of furnace/vessel linings. To 

overcome these limitations of refractory integrity at high intensity operations, the use of freeze 

linings is common practice in smelting applications. A major advantage of the freeze-lining 

concept is that the freeze lining consists of solidified process material and, therefore, is self-

regenerating and can resist aggressive process materials. 

To apply the freeze-lining concept in a reactor, its formation and its stability have to be assured. 

A vast number of studies have been performed in recent years with respect to the freeze lining 

245

Advances in Molten Slags, Fluxes, and Salts: Proceedings of The 10th International 
Conference on Molten Slags, Fluxes and Salts (MOLTEN16)

Edited by: Ramana G. Reddy, Pinakin Chaubal, P. Chris Pistorius, and Uday Pal
TMS (The Minerals, Metals & Materials Society), 2016



behavior of pyrometallurgical processes – such as Zn fuming [1-4], continuous copper 

converting [5-8], and copper flash smelting [9,10] – and the influencing factors, e.g. 

temperature, cooling rate, slag composition, slag viscosity and other operation parameters. Slag 

properties found to affect the freeze-lining formation are the viscosity, the temperature stability 

range of the relevant phases, the microstructure of the formed phases (a closed structure or not, 

interlocking or not), the crystallization behavior, and the mass transfer of the slag. By changing 

these slag properties, the freeze lining formation rate can be influenced and the freeze lining 

stability can be controlled.  

 

In this work, the formation of freeze-lining from fayalite-based slags was investigated by a gas-

cooled probe technique at 1200 °C under protective atmosphere. The influence on the freeze-

lining formation of cooling rate (gas flow rate), slag agitation (crucible rotation speed), and 

CaO and Al2O3 contents in the slag was also studied. 

 

Experimental Procedure 

 

Fayalite slag supplied by a copper producer was used in this work. The chemical composition 

of the slag is listed in Table 1. Minor elements, such as K, S, P, Cu, Mn, Pb, and Ni, are 

accounted as “others” in Table 1. CaO, calcined from CaCO3 at 1000 °C for 24 h, and Al2O3 

were added to change the CaO level in the slag to ~5 wt% and ~8 wt%, and Al2O3 to ~9 wt% 

(Table 1), respectively. The freeze-lining tests were called C1A5, C5A5, C8A5 and C7A9, 

according to the CaO and Al2O3 contents in the as-prepared slags. 

 

Table 1: Chemical composition of the slag sample for freeze-lining tests (wt%). 

 

Exp. no. CaO Al2O3 FeO SiO2 Na2O Cr2O3 MgO  Others 

C1A5 1.0 5.0 51.6 37.7 1.6 0.5 0.5 2.1 

C5A5 4.7 4.7 49.6 36.3 1.5 0.5 0.5 2.0 

C8A5 8.3 4.6 47.8 34.9 1.5 0.5 0.5 1.9 

C7A9 7.0 8.9 44.5 32.5 1.4 0.4 0.4 1.8 

 
The formation of freeze-lining from fayalite-based slags was investigated by a gas-cooled probe 
technique combing with rotating crucible. This method has been commonly used to investigate 
the formation and stability of freeze-lining in laboratory-scale [1-8]. The experimental 
apparatus for freeze-lining tests is illustrated in Figure 1a. Approximately 1000 g of the as-
prepared fayalite slag was filled in an Al2O3 crucible (inside diameter = 80 mm; height = 100 
mm). The Al2O3 crucible was fixed in another larger Al2O3 crucible (inside diameter = 100 mm; 
height= 100 mm) by MgO ramming materials (Figure 1a), and then heated in a vertical tube 
furnace (Thermo Aix, with SiC heating elements). Ar gas, which generally contains around 2 
ppm O2, was blown into the furnace at a flow rate of around 0.3 l/min to simulate a protective 
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atmosphere. The slag was heated to 1200 °C and kept at that temperature for 120 min to ensure 
the molten state. Subsequently, the gas-cooled probe was immersed in the molten slag for 120 
min and the larger Al2O3 crucible with its contents was either stationary or rotated with a 
predetermined speed (as shown in Table 2). The cooling N2 gas enters the probe through the 
inner tube and is released through the outer tube (Figure 1b) with a predetermined flow rate 
(Table 2). Afterwards, the gas-cooled probe with a frozen slag layer was removed from the 
molten slag and quenched in a water bath.  
 
Table 2: Experimental parameters for freeze-lining tests at 1200 °C. 
 
Exp. no. Gas flow rate (l/h) Crucible rotation speed (rpm)
C1A5 2400; 3000; 3500 0 

3500 5; 10; 20 
C5A5 3500 5 
C8A5 3500 5 
C7A9 3500 5 

 

 
Figure 1. Schematic drawings of the set-up for (a) freeze-lining tests and (b) of the cooled-

probe. 

 
In order to avoid disintegration of the freeze-lining sample, the recovered frozen slag layer 
samples were firstly embedded in a low viscosity resin (Epofix) by vacuum impregnation, and 
then sliced with a diamond saw, 30 mm below the slag line. The embedded specimens were 
ground with silicon carbide grinding papers, polished with diamond paste, and carbon coated 
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for microstructural analyses. Microstructure images were obtained with a high resolution 
scanning electron microscope (SEM, Philips XL-30 FEG). 

 

 

Results and Discussion 

 

Figure 2 presents the influence of cooling-rate on the thickness and microstructure of the formed 

freeze-lining samples. The cooling rate was indicated as the flow rate of the N2 gas in the cooled 

probe. The thickness of the frozen slag layer continuously increases from 4.6 mm, to 8.6 mm 

and to 10.5 mm, when the gas flow rate increases from 2400 l/h, to 3000 l/h and to 3500 l/h, 

respectively. In comparison, there was no frozen slag layer when the gas flow rate was lower 

than 1800 l/h (not shown here). This observation indicates that the freeze-lining formation is 

facilitated by increasing the cooling rate in the probe, because more heat is transferred by the 

larger gas flow rate.  

 

 
Figure 2. Influence of cooling rate (gas-flow rate) on the frozen slag layer formation, which is 

mainly composed of fayalite (Fe2SiO4) crystals and amorphous phases. 

 

The microstructure of the frozen slag layer samples shows four zones, which are, from the 

surface of the probe towards the slag bath, respectively, a sealing crystal, a columnar crystal, a 

liquid slag with crystals and an adhered slag zone (Figure 2). The sealing crystal zone close to 

the cooled probe surface consists of dense, small fayalite grains. In the columnar crystal zone, 

fayalite precipitates grew into parallel columnar grains along the heat gradient from the probe 

to the slag bath. The thickness of this columnar crystal zone and the size of the columnar fayalite 

crystal continuously increases with increasing cooling rate. Close to the slag bath, large fayalite 
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grains with a diameter of over 200 �m were suspended in the liquid slag, forming the crystals 

in the liquid slag zone. The adhered slag zone is formed most likely due to the adhesion of the 

high viscosity slag upon removing the probe from the slag bath.  

 

Figure 3 shows the microstructure of the freeze-lining samples formed from fayalite slags in 

tests with different crucible rotation speed. The thickness of the frozen slag layer decreased 

with the augmentation of crucible rotation speed. The thickness reduced from 10.5 mm at 0 rpm 

(3500 l/h in Figure 2), to 8.0 mm at 5 rpm, 7.0 mm at 10 rpm, down to 4.5 mm at 20 rpm. 

Simultaneously, the maximum thickness of the columnar crystal zone also decreased from 6.9 

mm, to 5.8 mm, 3.7 mm and 2.6 mm with the rotation speed changes from 0 rpm to 5 rpm, 10 

rpm and 20 rpm, respectively. This is probably because the increased slag agitation enhances 

convective heat transfer from the slag bath to the probe. Besides, the increased slag agitation 

can also increase the force on the columnar crystals, thereby breaking the large columnar 

fayalite crystals. In contrast, the thickness of the sealing crystal zone continuously increased 

from 0.9 mm, to 1.1 mm, up to 1.3 mm when increasing the rotation speed from 0 rpm, to 10 

rpm and 20 rpm, respectively. The enhanced sealing crystal zone formation is probably due to 

the favored mass transfer from slag bath to the probe by the slag agitation, and the different 

temperature gradient in the frozen slag layer. 

 

 

Figure 3. Influence of slag agitation (crucible rotation speed) on the frozen slag layer formation. 

 

The influence of CaO and Al2O3 addition in fayalite slags on the freeze-lining formation is 

illustrated in Figure 4. The thickness of the frozen slag layer continuously decreased with 

increasing CaO and Al2O3 content in the slag. Specifically, the thicknesses are 8.0 mm, 5.3 mm, 

4.6 mm and 3.7 mm for the slags containing 1 wt% CaO and 5 wt% Al2O3 (5 rpm, Figure 3), 5 

wt% CaO and 5 wt% Al2O3 (C5A5), 8 wt% CaO and 5 wt% Al2O3 (C8A5), and 5 wt% CaO 

and 9 wt% Al2O3 (C5A9), respectively. This is probably because the addition of CaO and Al2O3 

lowers the melting point of fayalite slags.  
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Note in Figure 4 for sample C8A9 that a zone containing low melting point anorthite 

((Ca,Fe)Al2Si2O8) grains instead of a columnar crystal zone was observed in the samples from 

the slags after adding both CaO and Al2O3. The (Ca,Fe)Al2Si2O8 precipitates are interlocked 

with the fayalite crystals in this newly-formed zone. Although an interlocking structure in the 

frozen slag layer was formed, the thickness of the frozen slag layer was lowered by the addition 

of CaO and Al2O3 in fayalite slags.  

 

 

Figure 4. Influence of CaO and Al2O3 addition in fayalite slags on the frozen slag layer 

formation: Anorthite: (Ca,Fe)Al2Si2O8; Spinel: FeAl2O4. 

 

Conclusion 

 

The formation of freeze-lining from fayalite-based slags was studied in laboratory-scale tests 

by gas-cooled probe technique at 1200 °C under a protective atmosphere. A sealing crystal zone, 

a columnar crystal zone, a crystal in liquid slag zone and an adhered slag zone were observed 

in the freeze-lining samples from slags with 1 wt% CaO and 5 wt% Al2O3. Fayalite precipitates 

formed a dense crystal zone close to the cooled-probe surface and grew into large columnar 

crystals along the temperature gradient from the probe to the bath slag. In comparison, a new 

zone containing low-melting point anorthite ((Ca,Fe)Al2Si2O8) grains instead of a columnar 

crystal zone was formed with the addition of both CaO and Al2O3 into the slag. The anorthite 

grains are interlocked with the fayalite crystals in the frozen slag layer.  

 

Both the thickness of the freeze-lining sample and of the columnar fayalite crystal zone 

increased when increasing the cooling rate (gas flow rate). The size of the fayalite columnar 

grains also augmented by the increased cooling rate. On the other hand, the thickness of the 
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freeze-lining sample and columnar crystal zone were reduced by slag agitation (crucible 

rotation), due to the increase of heat-transfer from the slag bath and the higher force on the 

fayalite columnar grains. The addition of CaO and Al2O3 reduced the thickness of the formed 

freeze lining, although a more stable interlocking structure formed in the frozen slag layer. 
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Abstract 

A metallurgical analysis of longitudinal cracks in a medium carbon grade of steel, produced 
through Thin Slab Casting and Rolling (TSCR) process is presented in this paper. Using 
characterization techniques, it was established that the defect originated from the funnel mold of 
thin slab caster. Temperature profiles of thermocouples in caster mold were employed to 
evaluate the heat transfer characteristics during primary solidification. The profiles helped to 
assess the performance of a standard mold flux used for casting this grade and hypothesize a 
possible mechanism of defect evolution. Slightly changed characteristics of the mold flux 
addressed the defect by promoting a stable and uniform heat transfer. This drastically lowered 
defect occurrence and rejections due to longitudinal cracks in this grade.  

Introduction 
Thin Slab Casting and Rolling (TSCR) is a cost effective and energy efficient route of hot rolled 
coil production.1-2) In this route, thin slabs of 55-70 mm thickness are cast at high speeds and 
directly charged into a soaking furnace followed by hot rolling into strips of required thickness. 
The product basket of LD3&TSCR unit of Tata Steel Jamshedpur ranges from low-C to med-C 
grades with varying levels of manganese, silicon and microalloying contents. The chemistries of 
the grades are carefully designed to avoid casting steels in the peritectic range. One of the major 
surface defects in hot rolled strips produced through TSCR facility of Tata Steel Jamshedpur is 
encountered in form of fine cracks in the rolling (longitudinal) direction of strips as shown in 
Figure 1. A medium carbon grade with composition as shown in Table I was observed to be 
most severely affected with this defect. A study was conducted to understand the root cause of 
the crack. This paper elucidates the analysis of the defect and highlights the measures adopted to 
cast such grades in thin slab casters with superior surface quality. 

 
  Table I: Chemical composition of medium carbon grade  

affected with longitudinal cracks 

 
 

Figure 1: Longitudinal cracks on the  
surface of strips  
2.0.   Microscopic study of longitudinal cracks on strips 
Optical microscopic images (Lieca, model: DMRX, Germany) of transverse samples from defect 
affected portion of HR strips are shown in Figure 2 .The defect has an inclined crack appearance 
with a depth of about 80-200 microns. SEM observation in Figure 3 indicates the presence of 
extraneous particles, identified by EDAX analysis to be iron-oxide scales, internal oxidation 
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products and entrapped mold slag particles as shown in Table II. The association of the defect 
with mold slag is a sign of the crack generating at the caster mold.   
 
 
 
 
 
 
 
 
 
 
 
   Figure 2: Optical microscopic images of              Figure 3: SEM-EDS observation at defect 
   longitudinal cracks                                                 site 
 

Table II: Composition of entrapments around             Table III: Casting parameters for 0.3 wt%C        
obtained through EDAX                                   grade under study 

 
3.0. Correlation of cracking with continuous casting process parameters 
Cracks may originate in the primary shell formed in the continuous casting mold by stresses 
induced due to mechanical deformation or non-uniform solidification.3-4) Thin slabs in TSCR 
facility of TATA Steel Jamshedpur are cast, following parameters displayed in Table III, using 
funnel shaped mold (SMS Semag design) with dimensions provided in Figure 4. As understood 
from Figure 5, depicting the location and distribution of cracks across the width of strips, 
maximum cracks are observed in the central 70% of the strip width corresponding to the mold 
funnel region. The mechanical stresses imposed on the solidifying shell as it transits from the 
funnel to the straight region of the mold have been a subject of study. The inflection points along 
the funnel curvature, act as stress raisers on the solidification front accentuating chances of hot 
tearing in shell. This may explain the major crack occurrence from the mold funnel region.5) 

 

Figure 4: Schematic representation of funnel             Figure 5: Distribution of crack locations 
shaped thin slab mold (Dimension in mm)             across the strip surface 
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Figure 6: Relationship of cracking index with     Figure 7: Correlation of broad face heat  
wide face heat flux (MW/m2)                  flux with shell cooling rate 
 

The possibility of correlation between heat extraction rates through wide faces of mold and 
cracking intensity was explored. With the help of primary cooling water flow rate and water 
temperature difference between the inlet and outlet of mold, the overall heat flux of the broad 

faces was calculated as per the equation, , where HF is the Heat flux 

(MW/m2); m is the mass flow rate (l/min) of water; Tdiff = Toutlet– Tinlet and A is the area of wide 
face. From an observation of over 1500 coils, a mapping of cracking index (Percentage of 
defective coils among total hot rolled coils) with heat extraction rates in mold is plotted and can 
be seen in Figure 6. For better understanding, the wide face heat flux is correlated with a 
calculated shell surface cooling rate as shown in Figure 7. It is established that milder the 
cooling rate of the shell, lower is the intensity of cracks on the strips. This grade being cast in a 
standard speed range of 4.0 – 4.5 m/min using a particular mold powder, the heat extraction rate 
is majorly governed by the mold plate thickness as depicted in Figure 8.  
 
It is demonstrated in several literatures3-4) that medium carbon steels (above 0.16 wt-% C) 
shrinks only by thermal contraction during solidification and the resultant surface tensile stresses 
are not always enough to generate cracks even at very high heat extraction rates. Therefore, the 
correlation with overall broad face heat flux may not alone explain crack evolution mechanism. 
Furthermore, since some cracks are also observed at regions away from geometrical influence of 
mold funnel, attributing cracks only to mechanical stresses may be inaccurate. Hence an attempt 
was made to understand the local heat transfer conditions with the help of thermocouples 
embedded in the mold, the arrangement of which is schematically represented in Figure 9. The 
typical temperature profiles observed from thermocouple columns located on the fix and loose 
side of mold (inside funnel) is shown in Figure 10. The fluctuations in the thermocouple 
temperature profile points to a lack of steady heat transfer across the wide face, even under 
normal casting conditions. The unsteady temperature profiles indicate fluctuations of shell 
surface temperature in the casting direction of the slab, with frequent hot and cold spot locations 
on the shell.  
 

The thermocouple temperature fluctuations in defective (high severity cracks) coils are compared 
with reference coils which are found having low severity defect. The average temperature 
difference between thermocouples in first row with their nearest adjacent neighbors (Refer 
thermocouple locations in Figure 9) may be used to evaluate the evenness of shell temperature. 
When compared for the defective and reference coils, considerably steeper temperature gradients 
are observed both in longitudinal ((T1–T2 , T2-T3, … ,T7-T8) as well as transverse direction (T1-
T9, T2-T10, ……,T8-T16) for slabs in the crack affected coils, as seen from Figure 11 (a) and (b).  
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Figure 8: Effect of wide face copper plate              Figure 9: Thermocouple arrangement in 
thickness on heat extraction rate in mold             slab caster mold 
  

Figure 10: Temperature profile displayed by thermocouples in mold for defective coils 
Thermocouple location- (a) Fix side (b) Loose side 
 

Furthermore, the effect of copper plate thickness on the observed fluctuations and concurrent 
cracking tendency is established from Figure 12 (a) and (b). The differential temperature is a 
sign of variable heat transfer leading to non-uniform shrinkages across the shell that may cause 
surface cracks. A clear indication of a correlation of cracking intensity with unsteady heat 
transfer conditions is implied.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Comparison of average temperature difference between adjacent thermocouples in (a)  
top row (b) top row and middle row for different columns for defective and reference slabs 
 

transfer conditions is implied. 

(a) (b) 

(a) (b) 
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Figure 12: (a) Range of temperature fluctuations and (b) cracking intensity observed at different 
Cu plate thicknesses  
 

4.0. Trials with modified mold powder  
The main functions of mold powder in continuous casting are to provide uniform lubrication and 
control the heat transfer between the steel shell and mold wall. In order to provide sufficient 
strand lubrication, mold powders for high speed casting processes have lower viscosity as 
compared to conventional slab casting counterparts. Several literatures discuss the importance of 
stable and uniform heat transfer in early solidification stages to avoid formation of longitudinal 
facial cracks on the surface of slabs.1-4, 6) In high speed casting processes, the major challenge is 
to control the horizontal heat transfer rate in mold and form a uniform shell. The use of mold 
powders with high basicity (CaO/SiO2 >1) helps to reduce the heat flux. However, use of such 
powders in high speed casting of crack sensitive grades is faced with the difficulties of increased 
mold-strand friction, as reported in literatures.6) The uniformity of heat extraction across the 
surface of primary shell is also determined by the symmetry of mold slag infiltration during 
casting. In addition to mold level stability, a uniform slag infiltration is required to avoid 
occasional hot spots on the surface of the shell, which might lead to differential local shrinkages. 
Although mold fluxes of lower viscosity would exhibit superior infiltration behavior7,8) a slag 
with very low viscosity may not always offer a uniform lubrication and heat transfer. It is 
reported that too low viscosity of mold powder may lead to non-uniformity in infiltration due to 
a highly fluid slag.6, 8) 

 

An effort was made to modify the characteristics of the existing powder to address the observed 
thermocouple fluctuations without much altering the basicity of the mold powder. Based on the 
hypothesized root cause of crack formation, it is believed that a modified mold powder 
characteristics may assist in reducing the crack occurrences, if it serves two purposes. First, the 
mold slag should reduce the overall heat transfer across the wide faces, promoting a mild cooling 
of the shell. Secondly, the slag should infiltrate uniformly and reduce chances of local variations 
in heat transfer and avoid creating frequent hot spots. The characteristics of a slightly modified 
powder supplied by M/s Metallurgica compared to standard powder are shown in Table IV. The 
viscosity of the modified powder (at 1300°C) was increased to 0.5 Poise in the modified powder 
and the solidification temperature (considered as Break temperature) was 10-15°C higher as 
compared to the standard powder as measured using the rotating cylinder method. The melting 
trajectory was recorded for the standard and modified powder using a hot stage microscope 
where the powder is pressed in form of a cylindrical sample and changes in the shape of the 
sample was monitored continuously while heat at  constant rate. Shapes corresponding to 

(a) (b) 
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softening, melting and flowing temperatures are recorded for comparing the standard and 
modified powders as depicted in Table V.  

Table IV: Characteristics of modified mold powder 
 Standard Powder Modified Powder 
Bulk Density 0.55 0.56 
Basicity (CaO/SiO2) 0.86 0.89 
Viscosity (at 1300 °C) 0.25 Poise 0.5 Poise 
Break Temperature (Tbr) 1045°C 1060°C 

 

The corresponding strips of slabs cast using this powder are observed with much lowered 
instances of cracks. With the introduction of modified powder, the overall heat flux is lowered as 
seen from Figure 13. Furthermore, a more stable thermocouple temperature profile is observed 
as shown in Figure 14. A comparison of average temperature difference between adjacent 
thermocouples of first row (T1 – T2 , T2-T3 , … ,T7-T8) for the standard and modified mold 
powder, depicted in Figure 15(a), reveals significantly reduced local temperature gradients 
across the width direction of the shell, indicating uniform solidification. A reduction in the 
average temperature difference between the thermocouples of top and middle row (T1-T9, T2-
T10… T8-T16) is observed from Figure 15(b), also demonstrating the milder cooling effect of 
the modified powder and reduced solidification shrinkages. 
 
Table V: Characteristic temperatures (°C) during hot stage microscopy of standard and modified 
mold powders (Heating rate: 10°C/sec) 

 

 
Deformation (Softening) 

 
Hemisphere (Melting) 

 
Flow 

Standard Powder 867 885 937 
Modified Powder 880 916 1003 

 

  
 
 
 
 
 
 
 
 
 
Figure 13: Comparison of wide face heat flux        Figure 14:  Typical thermocouple temperature     
for standard and modified mold powder                 profile while casting with modified mold flux  
 

It is known that solidification in mold is accompanied by a shrinkage which may result in 
withdrawing the shell from the mold surface creating a gap. This may interrupt subsequent heat 
transfer. A smooth heat extraction may be continued if the mold slag infiltrates during the 
negative strip time of mold oscillation and uniformly fills up the entire space created between the 
shell and mold. The exact reason for anomalous heat transfer experienced with slags of very low 
viscosity is not very well understood. It may be hypothesized that a highly fluid slag may get 
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drained along the surface of the shell while infiltrating and may occasionally loose contact with 
the mold surface. It may not therefore provide a continuous channel for uninterrupted heat 
transfer between the shell and mold. In such situations, a powder with slightly higher viscosity 
may assist in reducing the anomalous heat transfer conditions by forming a thicker slag film. 
With the formation of a thicker slag film, a powder of higher viscosity would uniformly 
moderate heat transfer near the meniscus and promote the formation of a thinner shell, reducing 
shrinkage and resultant air gap. Secondly, it would promote more uniform heat transfer near the 
meniscus by offering a better connect of the shell with the mold surface for continuous heat 
transfer. This may be visualized with the help of a schematic diagram shown in Figure 16. The 
reduction in the thermocouple temperature fluctuation is indicative of better mold-strand support. 
The modified powder was found to have no deleterious effect on mold level stability and strand-
mold friction. The observations of sticker alarms or breakouts were negligible as compared to the 
standard powder.  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 15: Comparison of average temperature difference between adjacent thermocouples in (a) 
top row (b) top row and middle row for different columns for standard and modified powder 

 

 
Figure 16: Schematic representation of hypothesized slag infiltration behaviour for standard and 
modified mold powders. 
 

The viscosity of the powder needs to be optimized based on the steel composition being cast. In 
the present case, the standard mold powder did not reveal so severe abnormalities in heat transfer 
during casting of grades with higher carbon content. This observation may be explained by the 

(a) (b) 
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difference in solidification shrinkage at different carbon contents of steel. Since the shrinkage of 
0.3 wt-% C steel is greater than steels with higher carbon levels, a larger mold-strand gap is 
expected to be created and it is believed that the flow characteristics of the standard mold powder 
is not suitable to evenly compensate this gap. The reduced temperature fluctuations and cracking 
with thicker mold copper plates, which would similarly induce a milder cooling of shell, may 
also support the hypothesis.   
5.0. Conclusions 
1)  Optical and SEM-EDS microscopy indicates the origin of the defect from surface cracks 
generated on the slabs in the thin slab caster mold. 
2) Longitudinal cracks are majorly observed in the strip portion corresponding to the funnel 
region of mold, indicating influence of mold geometry.  
3) The cracking intensity is observed to increase at high heat extraction rates in mold. This 
primarily occurs while casting with older copper plates having low thicknesses.  
3) Mold thermocouple temperature profile for defective strips is observed with fluctuations 
indicating temperature variations across the shell surface. The temperature patterns in defective 
coils points out to large gradient in the shell surface temperature both in the longitudinal and 
transverse direction. A lower temperature gradient is observed in reference coils with low 
severity defects. 
4)  A modification in the characteristics of mold slag was proposed to reduce overall heat flux 
and obtain a stable thermocouple temperature profile indicating more uniform heat transfer 
across the solidifying shell.  
5) Very low viscosity of the standard powder was believed to cause the heat transfer anomaly. A 
slight optimization in the viscosity of the mold powder was able to reduce the cracks occurrences 
significantly.  
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Abstract 

Mold flux plays key roles during the continuous casting process of molten steel, which accounts 

for the quality of final slabs. With the development of Advanced High Strength Steels (AHSS), 

certain amounts of Al have been added into steels that would introduce severe slag/metal 

interaction problems during process of continuous casting. In this article, through the studies of 

SHTT, IET and SEM, the melting range of mold flux was increased and the heat transfer rate was 

inhibited under the coordination effect of the combination of BaO and B2O3. It was found the case 

with BaO substituting for CaO to replace B2O3 shows the highest general heat transfer rate and 

lowest melting temperature. The results of slag/steel reaction experiments show that the degree of 

slag/steel reaction increases with the addition of C/A ratio. The latest developments for this new 

mold flux system were summarized with the aim to offer technical guidance for the design of new 

generation mold flux system for the casting of AHSS. 

Introduction 

In the continuous casting process, mold flux play an important roles to control heat 
transfer, lubricating the strand, protecting the molten steel from oxidation, providing 
insulation and absorbing inclusions between the steel and mold[ 1 ][ 2 ]. With the 
development of advanced high strength steel (AHSS), aluminum as an alloy element 
was added into steels aims to improve features of special steel and reduce vehicle 
weight[3]. However, the aluminum in the molten steel will react with the silica in the 
slag, which could causes the poor quality of slabs[4], exacerbate mold flux properties 
such as melting and crystallization behavior[5]. In order to solve these problems, 
intensive research has been conducted to optimize the composition of the traditional 
CaO-SiO2 based mold flux with the fluxing agent as NaO, Li2O

[6], or the ratio of 
CaO/Al2O3

[7]. However, it is difficult to optimize above mold fluxes system due to the 
pickup of alumina in the spent mold flux caused by the steel/slag reaction. Therefore 
the Non-reactive lime-alumina-based mold flux has been proposed recently, where the 
SiO2 content was lowered down to 10-wt% to restrain the slag/steel reaction.  

K E Blazek[8] etc. have developed a series of CaO-Al2O3 based mold fluxes, in which 
C/A (CaO/Al2O3) ratio was set as 1 and the SiO2 content was 10 percent. However, 
The result suggested that the slag/steel reaction for the CaO-Al2O3-based mold flux 
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was significantly reduced, but the consumption of the CaO-Al2O3-based mold flux 
was low. J W Cho et al[3] researched a series of CaO-Al2O3 bases mold fluxes with the 
C/A ratio ranging from 1 to 3.3, compared with C/A ratio of 1, the result of the mold 
flux with C/A ratio of 3.3 indicated that slag/steel reaction was become severe, and it 
show an unstable heat transfer behavior. Therefore, it is essential to study the 
CaO-Al2O3 bases mold flux with C/A ratio of 2, as it can inhibit the Slag/steel 
reaction compared with C/A ratio of 3.3; meanwhile it tends to decrease the melting 
point compared with C/A ratio of 1 mold flux system. As an effective fluxing agent to 
lower the system melting temperature, the B2O3 is a strong glass former, and tends to 
inhibit the mold flux crystallization[9][10]. However, B2O3 is a reducible oxide, and 
using of a large amount of B2O3 could lead to boron pickup in the steel[8]. X. Yu[11] 
and Y. Wang[12] found that the substitution of BaO for CaO can also restrain the mold 
flux crystallization capability and lower the melting temperature. Therefore, it is 
possible to use the substitution of BaO for CaO to replace B2O3 to optimize the 
CaO-Al2O3 based mold flux system.  
Consequently, the effect of the substitution of BaO for CaO to replace B2O3 on the 
melting and heat transfer behavior of CaO-Al2O3 based mold flux was conducted in 
this article, by using the Single hot thermocouple technology(SHTT) and infrared 
emitter technique(IET). Then scanning electron microscope(SEM) was applied to 
study the morphology of samples after the heat transfer test. Meanwhile, the reaction 
between the molten steel and CaO-Al2O3-based mold flux would be studied. 
 

1. Experiment 
1.1 Apparatus and Procedure 
 
A. Single Hot Thermocouple Technique. The melting process were conducted by 
using Single hot thermocouple technology (SHTT) for the experiments, where the 
mold flux sample was mounted on a B type thermocouple and was heated from room 
temperature to 1500 0C at a rate of 15 K/S. The CCD camera was used to record the 
melting behavior.13 Figure 1 shows the thermal profiles for the experimental. The 
diagrams were constructed in line with the relationship between time and temperature. 
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Figure 1: thermal profiles of SHTT tests 

B. Heat Transfer Simulator and Experimental Procedures. Wang[14] described the 
details of the Infrared Emitter Technique (IET), and its schematic was shown in figure 
2. The experimental apparatus mainly includes four units: a power controller, an 
infrared radiant heater capable of emitting 2.0 MW/m2 heat flux at the rate of 380 
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voltages, a data acquisition system, and a command-and-control unit. For the IET test, 
the heating profile was shown in Figure 3. First, the mold flux disk was placed on the 
top surface of the copper mold, then, it was subjected to the infrared radiation; 
meanwhile, the subsurface thermocouples measure the real-time responding 
temperatures. Therefore, the responding heat flux across the copper mold could be 
calculated through the measured temperature gradient inside the mold based on a 1D 
Inverse Heat Conduction Program.  

Figure 2: Schematic illustration of the infrared emitter 
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Figure 3: The heating profile for IET experiments 

1.2 Preparations of Mold Flux Powder 
 
The major chemical components of the designed samples is shown in Table 1, where 
Sample 1 and Samples 2, 3, 4 were designed with a fixed C/A ratio and varying with 
the combination of substitution of BaO for CaO and B2O3. Sample 5 and Sample 6 
were obtained according to change the C/A ratio based on Sample 4. The raw 
materials for the preparation of above mold flux systems are pure chemical regents 
CaCO3, SiO2, Al2O3, CaF2, Li2CO3, B2O3 and BaCO3. 
The mold flux was melted at 1773K in a induction furnace for 300 second to 
eliminate bubbles and homogenize its chemical components, then they were quenched 
through pouring into cool water. After that, it was crushed and grinded to make the 
sample powers for SHTT test. For the IET test, the molten slag was first poured onto 
the top surface of a stainless steel plate, then a new cylindrical, tube-like copper mold 
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with the same diameter as the copper substrate in IET tests was used to cast the mold 
flux before it solidified on the steel. Then, the mold flux disks were polished to 
control its surface roughness and thickness. The polished samples were then placed on 
the top of the copper mold for heat transfer test. 

Table 1 The Chemical Compositions of Slags w%  
Num C/A CaO SiO2 Al2O3 Na2O F Li2O B2O3 BaO 

Sample 1 2 37.33 9 18.67 10 9 6 10 0 

Sample 2 2 37.00 9 20.00 10 9 6 6 3 

Sample 3 2 34.33 9 20.67 10 9 6 4 7 

Sample 4 2 34.00 9 22.00 10 9 6 0 10 

Sample 5 1 23 9 33 10 9 6 0 10 

Sample 6 3 39.5 9 16.5 10 9 6 0 10 

2. Results and Discussion

2.1 Effect of Substitution of BaO for CaO to Replace B2O3 on the melting 
Behavior of Mold Flux System 

In this article, the SHTT was employed to study the melting behavior of mold flux. 
Figure 4 shows the responding images during the melting period of the Sample 1, 
Sample 2, Sample 3 and Sample 4 when they were heated at a rate of 15 K/S. Table 2 
lists the initial and complete melting temperature ranges, which could be found 
through the Figure 4. It could be observed that both the initial and complete melting 
temperature were increased with 3% addition of BaO to replace 4% B2O3, the melting 
temperature of Sample 2 is highest among all samples, and with the further addition 
of BaO to substitute CaO to replace B2O3, the melting temperature reduces; however, 
the melting temperature of Sample 3 is higher than Sample 1. It can be found that 
Sample 4 shows the lowest melting temperature through comparison of four Samples, 
which suggest that the mold flux that BaO totally substitute for B2O3 reduce the 
melting temperature of mold flux. The reason was that, the melting temperature of 
CaO is 2888K, the melting temperature of BaO is 2193K [15], thus, using BaO to 
substitute CaO can reduce the melting temperature. Once the CaO was further 
reduced with the replacement of 10% BaO, the overall melting temperature was 
lowered to a largest degree. However, the reason for this kind of melting temperature 
reduction for above mold flux system, with the change of BaO and B2O3 content, is of 
great interest for the future study. 
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Figure 4-Melting behaviors for the four mold fluxes:(a) sample 1; (b)sample 2; (c)sample 3; (d)sample 4 

Table 2. Melting ranges of four mold fluxes 

Sample 1 2 3 4 

Tinitial[K] 1286(1013 Co) 1315(1042 Co) 1295(1022Co) 1237(964 Co) 

Tcomplete[K] 1540(1267 Co) 1606(1333 Co) 1571(1298 Co) 1460(1187 Co) 

2.2 Effect of BaO Substituted for CaO to Replace B2O3 on the Heat Transfer 
Rate of Mold Flux 

Figure 5 shows the responding in-mold heat fluxes histories of Sample 4 as the�
represent for above four samples. There are eight stages appearing in the heat transfer 
histories of Sample 4. Stage I is a period in which the heat flux increase slowly, Stage 
II and IV is a period that the heat flux keeps a constant heating rate. Stage III is a 
period in which the heat flux increases linearly with the addition of thermal radiation. 
Then, in Stage V, the top surface temperature of the disk is getting higher and the 
crystallization is initiated at the disk top and penetrated into the bottom, where the 
picking rate of heat flux was lowered with the crystallization of mold flux. Stage VI is 
a time when the top flux disk was melted. Stage VII is a period in which the heat flux 
is further reduced with the further crystallization of mold disk. Finally, the heat flux 
become stable and the melting, crystallization layer was completed in Stage VIII.  �
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Figure 5-The measured heat flux history of Sample 4    Figure 6-The measured heat flux histories for mold flux 

�
The measured heat fluxes of Sample 1, Sample 2, Sample 3 and Sample 4 were 
combined together in Figure 6, it can be observed that the measured heat fluxes for 
each mold flux at steady state are around 582 KW/m2 for Sample 4, 532 KW/m2 for 
Sample 1, 505 KW/m2 for Sample 3 and 433 KW/m2 for Sample 2, respectively. It 
indicates that the heat flux at steady state increases when the 10% addition of the BaO 
to substitute CaO to replace B2O3, this may be due to the system has the lowest 
melting temperature region and the enhanced liquid layer will increase the general 
heat transfer behavior across the mold flux system. The heat flux for Sample 2 and 3 
are lower than other two, as they were shown a stronger crystallization behavior as 
our previous study suggested, where the synergic effect of the combination of BaO 
and B2O3 tends to enhance the general crystallization tendency of the mold flux.[7]  
Therefore, the heat transfer rate for Samples 2 and 3 are inhibited.     

� � � � � �
Figure 7-SEM result of the Sample 4 after heat transfer text 

 
In order to observe the morphology of the Sample 4 after Heat transfer test, the SEM 
was adopted, as shown in Figure 7. It can be found that the Sample 4 was melted on 
the top area of A (right hand), and there is a large white crystalline phase in the area B, 
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C and D. 
 
2.3 Effect of C/A ratio on degree of Slag/steel reaction  
 
It is well known that aluminum in the steel is prone to react with SiO2 in the 
continuous casting mold, as shown 3(SiO2)+4[Al]=3[Si]+2(Al2O3)...(1). Figure 8 
shows Al2O3 and SiO2 composition change of Sample 4(C/A=2), Sample 5(C/A=1) 
and Sample 6(C/A=3) during the continuous casting of 20Mn23AlV. Table 3 shows 
the main composition change of three Samples. For the Sample 5, Sample 4 and 
Sample 6, the CaO content nearly kept constant, and the Al2O3 content increased 
about 4.96%, 5.71% and 7.26% while the SiO2 content declined about 4.48%, 5.09%, 
and 6.16%. It indicates that the degree of Slag/Steel reaction increases with the 
addition of C/A ratio. The reason is that the Al2O3 content in mold flux decreases with 
the addition of C/A ratio, and then the Equation 1 is prone to be further processed, so 
the degree of reaction was increased. 

 
                     (a)                                      (b) 

Figure 8 Al2O3 and SiO2 composition change of Sample 4, Sample 5 and Sample 6 

 

Table 3 The main composition change of Sample 4, Sample 5 and Sample 6 

Num  CaO Al2O3 SiO2 

Sample 5 C/A=1 23 33 9 

 Final slag 21.95 37.961 4.52 

   +4.96 -4.48 

Sample 4 C/A=2 34 22 9 

 Final slag 33.65 27.71 3.91 

   +5.71 -5.09 

Sample 6 C/A=3 39.5 16.5 9 

 Final slag 38.47 23.76 2.84 

   +7.26 -6.16 
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3. Conclusions

In this article, SHTT and IET�were adopted to investigate the effect of the substitution 
of BaO for CaO to replace B2O3 on the melting and heat flux behavior for the 
lime-alumina based non-reactive mold flux system. Meanwhile, the effect of C/A 
ratio on the degree of Slag/steel reaction was also been conducted. The main 
conclusions are summarized as follows: 
(1) The results of melting tests indicated that the melting range of mold flux was 
increased under the coordination effect of the combination of BaO and B2O3. The 
mold flux with the full replacement of BaO to for B2O3 shows the lowest melting 
temperature. 
(2) The results of the IET tests indicated that the steady state heat flux of mold flux 
was reduced under the coordination effect of the combination of BaO and B2O3. The 
mold flux with the full replacement o BaO for B2O3 shows the highest steady state 
heat flux rate. 
(3) The results of slag/steel reaction experiments show that the degree of slag/steel 
reaction increases with the addition of C/A ratio.   
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Abstract 
 
In order to find countermeasures against degradation of mold flux properties in high Al steel 
continuous casting, it is important to understand the reaction between Al-containing steel and 
CaO-SiO2-based molten flux. In the present authors’ research group, the reaction rate and 
mechanism governing the reaction have been experimentally investigated. Based on those 
observed mechanism, a slag-metal reaction model was developed in order to interpret the 
reaction and to predict similar reactions between high Al steel and mold flux used for continuous 
casting process. The model considers both thermodynamic and kinetic information, as well as 
rate-controlling step observed in the authors’ previous investigation.  Thermodynamic 
information for chemical reaction was interpreted by ChemApp coupled with FactSage 
thermodynamic database. This is connected to mass flux equations for all relevant components in 
the system. Flux viscosity change and its effect on the mass flux are also taken into account. The 
reaction model developed in the present study showed good reproduction of the experimental 
data. Some possible applications are also shown. 
 

Introduction 
 
During continuous casting of high Al steel grades, drastic composition changes in the mold flux 
occur such as Al2O3 accumulation and loss of SiO2 [1]. It leads to increase of flux melting 
temperature and change of the crystalline phase from cuspidine (3CaO·2SiO2·CaF2) to calcium 
aluminate. Therefore, estimation of composition changes in mold flux during steel-flux reactions 
is very important in order to predict mold flux performance. From this practical point of view, 
development of a multi-component kinetic model is of importance to predict composition 
evolutions in the conventional mold flux and to design a new mold flux composition. 
For accurate prediction of composition changes in the liquid steel and flux, a kinetic model 
should be developed based on the reaction mechanism of the steel-flux system. From the 
previous experimental investigations done by the present authors [2 - 4], the reaction mechanism 
between high Al steels and CaO-SiO2-type fluxes have been intensively investigated. Some 
important conclusions are summarized here: 
 

● At low Al concentration ([%Al]0 ≤ 1.8), the Al2O3 formation reaction with SiO2 reduction 
is mainly controlled by mass transfer of Al in liquid steel. 

● At high Al concentration ([%Al]0 ≥ 4.8), the rate controlling step changes into the mass 
transfer in the flux phase but retardation degree of the reaction rate depends on the type of 
aluminate formed in the vicinity of the steel-flux interface. 
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● When initial MgO content in the flux was low, CaAl4O7 layer was formed near the steel-
flux interface at high Al concentration ([%Al]0 = 5.2), resulting retardation of mass transfer 
in liquid flux. When initial MgO content in the flux was high, however, Al2O3 
accumulation in the flux occurred rapidly at high Al concentration ([%Al]0 = 5.2) with 
formation of many numbers of MgAl2O4 particles in the liquid flux. 

 
Compared to a typical slag-metal system, mass transport phenomena in the liquid flux is quite 
complex in the high Al steel and CaO-SiO2-type mold flux system.  During the reaction, 
chemical composition of the flux keeps varying.  This changes physico-chemical properties of 
the flux, and consequently affect kinetic aspect.  The existing kinetic models [5 - 7] for 
prediction of Al2O3 accumulation in the flux, however, do not explicitly consider the mass 
transfer in slag or flux phase in terms of viscosity changes and aluminate formation. Also, some 
of those [6, 7] are based on  a simple steel-slag system such as Fe-Al and CaO-SiO2-Al2O3 
system. In the present study, a multi-component kinetic model was developed based on the 
reaction mechanism elucidated by the present authors [2-4] in order to describe steel-flux 
reactions in high Al steel and CaO-SiO2-type flux system.  
 

Development of a new multi-component kinetic model 
 
Fig 1 shows the basic concepts and the calculation procedure of the present kinetic model. Each 
phase is assumed to have a reaction layer in order to perform equilibrium calculation between the 
reaction layers under local equilibrium assumption at the steel-flux interface. Once 
concentrations in each reaction layer was obtained from equilibrium calculations, then mass 
transfer in each phase was calculated by using flux equations. For the mass transfer in the liquid 
flux, the calculated mass flux was distributed into the flux boundary layer and the flux bulk 
layer. The concentration in the flux boundary layer was utilized in order to calculate flux 
viscosity which alters the mass transfer coefficients in the liquid flux.  This concept is similar to 
an approaches as long as the reaction zones were defined for the equilibrium calculations [5] or 
mass flux equations of various moving species were employed [6,7].  However, the present 
approach is distinguished from the previous approaches [5-7] that 1) actual reaction mechanism 
is taken into account, 2) varying chemical composition of the flux during the reaction is taken 
into account in the evaluation of mass transport coefficient, 3) experimentally determined mass 
transport coefficient [2] was used.   The details for each calculation module will be followed 
with some assumptions and equations. 
 

 
Figure 1. Model concept and calculation sequence of the present multi-component kinetic model 
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Equilibrium calculations 
 
In the present kinetic model, two independent equilibrium calculations were performed for 1) 
steel-flux reaction at the interface, and 2) aluminate formation in the flux boundary layer. It was 
assumed that chemical reactions between steel and flux only occur between steel reaction layer 
and flux reaction layer. In the flux boundary layer, formation of MgAl2O4, CaAl2O4, and 
CaAl4O7 in liquid flux is considered in equilibrium calculation and those calcium aluminates are 
assumed to be additional resistances of mass transfer in the liquid flux. Thermodynamic 
calculation was conducted by ChemApp [8]. Thermodynamic database required for the 
calculation was extracted from commercial database in FactSage [9, 10]. 
 
Mass transfer in liquid steel 
 
Flux density of an element M in the liquid steel was calculated by using a simple flux equation: 
 

         (1) 
 
where , , and  are mass transfer coefficient of the element M in liquid steel, 
concentration of the M in steel bulk layer, and concentration of the M in steel reaction layer, 
respectively.  was calculated from the mass transfer coefficient of Al experimentally 
determined in the previous study [3] by considering diffusivity of Al and M in liquid steel: 
 

           (2) 

 
Mass transfer in liquid flux 
 
Similar to the flux density equation in liquid steel, the flux equation for the components in liquid 
flux could be written by using the number of moles of a component MxOy as: 
 

        (3) 

 
where , , and  are overall mass transfer coefficient of the component MxOy in 

liquid flux, concentration of the MxOy in flux bulk layer, and concentration of the MxOy in flux 
reaction layer, respectively. From the previous kinetic investigation in the high Al steel and CaO-
SiO2-type flux system [4], it was found that formation of calcium aluminate layers near the steel-
flux interface interfered mass transfer in liquid flux. Therefore, formation and growth of calcium 
aluminates and its effect on the overall reaction rate are considered in  to describe drastic 

changes in mass transfer phenomena in liquid flux: 
 

         (4) 
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where  and  indicate virtual mass transfer coefficient of the component MxOy 

through calcium aluminate layer and that in the liquid flux, respectively. Based on the amount of 
calcium aluminates from the equilibrium calculation in the flux boundary layer, thickness of the 
calcium aluminate layer was calculated.  is defined to be inversely proportional to the 

thickness of the calcium aluminate layer, resulting decrease in mass flux with increase in the 
thickness of the calcium aluminate layer.  
 
In order to consider the effect of flux viscosity change during the steel-flux reaction on mass 
transfer in the liquid flux,  is defined as a function of flux viscosity by using the following  

relationship between diffusivity and viscosity: 
 

          (5) 

 
where , , and  are flux viscosity in the flux boundary layer at the current timestep, 

initial flux viscosity in the flux boundary layer, and the mass transfer coefficient of MxOy when 
the flux viscosity in the boundary layer was , respectively. Similar to ,  is obtained 

from optimized initial mass transfer coefficient of  by using the diffusivity of MxOy and 
Al2O3. 
 
Flux composition and viscosity in the flux boundary layer 
 
Once the amount of component MxOy to be transferred from the flux reaction layer to the flux 
bulk layer was calculated, it was distributed into the flux boundary layer and the flux bulk layer 
in order to obtain the composition in the flux boundary layer. For the simplicity, it was assumed 
that the concentration in the flux boundary layer can be set to a value between the concentration 
in the flux reaction layer and that in the flux bulk layer. Once the compositions in the flux 
boundary layer was obtained, then flux viscosity was calculated and utilized for modification of 
mass transfer coefficients in liquid flux. 
 

Results and discussion 
 
Calculation results compared with experimental data 
 
Calculation results at various initial steel and flux compositions are compared with the 
experimental data obtained in the previous studies [2, 4], and a few examples are show in Fig. 2. 
Even though some discrepancies between the calculation results and the experimental data were 
observed in the flux compositions, most of the concentration changes in liquid steel and flux are 
well-predicted from the present kinetic model. 
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Figure 2. Calculated composition evolutions (solid lines) in (a) liquid steel and (b) liquid flux 
under 4.8 mass pct of [%Al]0 condition with experimental data[4] (solid and open symbols) 
 
Depending on the initial Al concentration in liquid steel, the effect of flux viscosity change on 
the overall reaction rate shows considerable differences as can be seen in Fig. 3. When initial Al 
concentration in the liquid steel was low, the composition evolutions in liquid flux were almost 
similar regardless of consideration of flux viscosity for the calculation of mass transfer 
coefficients in liquid flux, indicating steel phase mass transfer control. At high Al condition, 
however, the present kinetic model predicted faster Al2O3 accumulation in the liquid flux when 
changes of mass transfer coefficients with respect to flux viscosity was not considered, which 
shows dominant mass transfer in flux phase. Therefore, it can be concluded that the present 
kinetic model  is compatible with the reaction mechanism experimentally elucidated in the 
previous studies. 
 

 
Figure 3. Calculated composition evolutions of Al2O3, SiO2, and Na2O in liquid flux at (a) low 
Al concentration ([%Al]0 = 1.7) and (b) high Al concentration ([%Al]0 = 4.8) with different 
calculation methods for mass transfer coefficients in liquid flux. 
 
Application of the present kinetic model to continuous casting process 
 
Based on the multi-component kinetic model developed in the present study, development of a 
continuous casting model was possible by simple modifications of the present kinetic model such 
as adding incoming and outgoing flux in the flux bulk layer, and constant concentration in the 
steel bulk layer. In order to check the accuracy of the present continuous casting model, several 
calculations based on the casting parameter from literatures [6, 11] were compared with the pilot 
casting data available from the same literatures, showing good prediction on the composition 
changes in the mold flux. In addition to that, mold flux viscosity change, one of the important 
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mold flux properties for successful casting, could be calculated using the composition changes 
obtained from the present continuous casting model.  
 

Conclusion 
 
A new multi-component kinetic model for high Al steel and CaO-SiO2-type flux system was 
developed based on the reaction mechanism experimentally elucidated in the previous 
investigations [2, 3, 4]. The present kinetic model consists of a reaction layer in each phase and a 
boundary layer in the liquid flux, which enables simple calculations of local equilibrium 
calculation and flux density equation separately. Multi-component equilibrium calculation was 
performed by ChemApp [8] with thermodynamic database from FactSage [8, 9]. Also, flux 
viscosity changes and formation of calcium aluminate layer in the boundary layer are considered 
in the model for better description of mass transfer in the liquid flux. Generally, the calculation 
results are in good agreement with the experimental data obtained in the present study. Rate 
controlling step transition from mass transfer of Al in liquid steel to mass transfer in liquid flux 
was successfully predicted as initial Al concentration in liquid steel increased. Application of the 
present kinetic model also shows good calculation results compared with pilot casting data 
available from literature [6, 11]. 
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Abstract 
Study of mold fluxes for continuous casting of high-aluminum steel has attracted increasing 
attention due to severe reaction between aluminum in liquid steel and silica in the flux which 
results in changes in composition, properties and performance of the flux and adversely affects 
slab quality. This research began with sampling during the casting process of high-Al 
nonmagnetic steel 20Mn23AlV to evaluate potential problems. A mold flux was developed in 
which SiO2 was partially replaced with Al2O3. Different compositions including CaO/Al2O3, 
fluoride-free and low-fluoride lime-alumina-based fluxes were evaluated with respect to their 
influence on flux viscosity, crystallization and subsequent effects on steel quality. It was 
concluded that mold flux with CaO/Al2O3 ratio in the range 1.1 to 1.6 and characterized by low 
viscosity, low initial crystallization temperature and good heat transfer properties was 
appropriate for casting of high-aluminum steel. A viscosity model with high reliability in 
predicting the viscosity of mold flux containing high Al2O3 was also established. 

Introduction 
Application of conventional CaO-SiO2-based mold flux to the continuous casting of high-
aluminum, nonmagnetic steel 20Mn23AlV (1.5~2.5 Al in mass pct.) results in substantial 
increase of Al2O3 and decrease of SiO2 in the molten flux due to severe slag/metal reaction, 
followed by issues such as massive formation of slag rims, poor lubrication, uneven heat 
transfer, sticking breakouts and poor surface quality. Lubrication and uniform heat transfer, 
probably the most important functions of a mold flux, are directly affected by the viscosity and 
crystallization behavior of the flux. It is particularly important to maintain good lubrication and 
uniform heat transfer in order to obtain good surface quality and castability. A number of 
studies[1,2] have been performed with conventional CaO-SiO2-based mold flux in attempts to 
obtain appropriate lubrication and crystallization properties during casting of high-Al steels. 
However, the significant change in Al2O3 and SiO2 contents in the slag is still the main reason 
for unstable lubrication and excessive crystallization which in turn provides an incentive for 
the development of less-reactive mold flux.  
To solve the aforementioned problems CaO-Al2O3 mold flux with a low content of the reactive 
component SiO2 has been proposed and evaluated for the casting of high-Al steels.[1,3] A 
principal step in the design of a less-reactive mold flux is the determination of an optimal 
CaO/Al2O3 ratio, by examining the effects of compositional change on the mold flux properties. 
Studies[1,4,5] have described the application of CaO-Al2O3-based mold flux. However they 
focused on the crystallization of mold flux with only limited changes in the CaO/Al2O3 ratios 
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at the same time as the contents of other components, such as Na2O, Li2O, CaF2 and B2O3. It 
was therefore difficult to evaluate the specific effect of CaO/Al2O3 ratios on mold flux 
performance. Moreover, the flux compositions did not simultaneously meet the coupled 
requirements for good crystallization and lubrication. Thus there is a need for a systematic 
study of the effect of a wide range of CaO/Al2O3 ratios on the viscosity and crystallization 
behavior of CaO-Al2O3-based mold flux in order to establish optimal CaO/Al2O3 ratios which 
will fulfil the dual requirements for good crystallization and lubrication properties.  
With conventional CaO-SiO2-based mold flux, although CaF2 causes corrosion of equipment, 
SEN erosion and environmental pollution as well as health hazards, it is still added to control 
crystallization by forming the primary crystalline phase cuspidine and also to serve as a fluxing 
agent to decrease the solidus/liquidus temperatures and improve lubrication. Currently, almost 
all CaO-Al2O3-based mold fluxes are designed with additions of 10% to 20% CaF2. However, 
cuspidine may be difficult to form in CaO-Al2O3-based mold flux due to the low SiO2 content. 
Several studies have been conducted to develop fluoride-free or low-fluoride mold flux by 
substituting CaF2 with TiO2, Na2O or B2O3.[6-8] in CaO-SiO2-based mold flux for plain carbon 
steel. Very few studies on low-fluoride or fluoride-free CaO-Al2O3-based mold flux have been 
reported. One study from Lu[9] focused on a very limited decrease of F in CaO-Al2O3-based 
mold flux but did not discuss the effect of a large decrease in fluoride content on heat transfer, 
crystallization and phase compositions, and did not discuss fluoride-free, CaO-Al2O3-based 
mold flux for high-Al steel. In the current study the replacement of CaF2 with B2O3 in CaO-
Al2O3-based mold flux will be systemically investigated and in particular the viscosity 
properties as well as the crystallization behavior, in order to develop fluoride-free or low-
fluoride CaO-Al2O3-based mold flux for the casting of high-Al non-magnetic steel which 
requires good lubrication and weak crystallization. 

Sampling during production operations 

High-Al non-magnetic steel 20Mn23AlV studied in the current work was produced using a 
vertical continuous caster. During casting a large number of slag rims were formed around the 
meniscus. Samples of molten mold flux and slag rims were taken during casting process to 
examine changes in compositions and properties. Sampling was carried out about every 10min 
after the start of casting and all samples air cooled to room temperature. The original mold 
fluxes and the spent mold flux samples were subjected to chemical analysis, examination of 
melting temperature and evaluation of crystalline phases. It can be seen from Figure 1(a) that 
the Al2O3/SiO2 mass ratio of molten fluxes has increased from 0.2 to ca. 1.2 after approximately 
15min of casting due to rapid reaction between Al and SiO2. Greater increases of the 
Al2O3/SiO2 mass ratio from 0.2 to ca. 1.7 was found in the slag rims. These changes in chemical 
composition of mold fluxes during continuous casting can introduce a series of severe 
consequences such as rapid increase in melting temperature, as shown in Figure 1(b), and 
precipitation of the high-melting point phase gehlenite Ca2Al2SiO7 (melting point 1596oC), as 
shown in Figure 1(c), which in turn adversely affects lubrication and crystallization, and 
ultimately the casting process and surface quality of the cast slabs. Therefore, improvement in 
mold flux for high-Al non-magnetic steel should focus on suppression of deterioration of the 
above properties.  
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Fig. 1 Changes in (a) composition, (b) melting temperature and (c) crystalline phase of mold flux 

 during continuous casting of 20Mn23AlV 

Evaluation of CaO-Al2O3-based mold flux 
3.1. Experimental 
The chemical compositions of the experimental fluxes are: various CaO/Al2O3 0.6~3.2, 
constant SiO2 5%, Na2O 10%, CaF2 20% and B2O3 10%. All samples were synthesized using 
reagent-grade chemicals CaO, SiO2, Al2O3, CaF2 and B2O3, with Na2CO3 used as the source 
for Na2O. CaF2 is generally added to serve primarily as a fluxing agent to control viscosity and 
solidification temperature in CaO-Al2O3-based mold flux. The synthetic fluxes were pre-
melted in a graphite crucible at 1350oC for 0.5h under Ar (99.99% purity) and then quenched 
in water. The water-quenched fluxes were dried at 120oC for 4h and crushed into powder with 
particle size less than 75μm and then used for the following experiments.  
3.1.1. Viscosity Measurements Viscosity was measured utilizing the rotational cylinder 
method. A schematic diagram of the apparatus and dimensions of the graphite crucible and Mo 
bob are shown in Fig. 2. MoSi2 bars were used as the heating elements for the furnace and a 
Pt-Rh/Pt thermocouple was employed to determine the furnace temperature. 
The viscometer was calibrated with standard oil. The furnace was heated at a rate of 15°C/min 
to the required temperature with Argon as a protective atmosphere. A graphite crucible (80mm 
in height and 40mm in inner diameter) containing 130g pre-melted mold flux was placed in the 
furnace and held at constant temperature for 30min to achieve thermal equilibrium. The depth 
of the liquid flux was approximately 40mm. The Mo bob was immersed into the flux to a depth 
of about 10mm from the bottom of the crucible and rotated at a constant speed of 200rpm to 
homogenize the liquid flux. After holding at constant temperature for 30min, the flux was 
cooled at a rate of 5oC/min. Meanwhile, viscosities and corresponding temperature were 
recorded automatically. The measurements were stopped when the viscosity increased sharply.  
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Fig. 2 Schematic diagram of the viscosity apparatus 

3.1.2. CCT and TTT Tests To investigate the crystallization behavior of the fluxes, continuous 
cooling transformation (CCT) and time temperature transformation (TTT) diagrams were 
constructed using the single hot thermocouple technique (SHTT). A flux sample of about 10mg 
was mixed with alcohol, mounted on the tip of a B-type thermocouple and heated directly. The 
temperature was continuously monitored while the crystallization process was recorded by 
collecting images every second using a CCD camera. Figure 3 shows the thermal cycles for 
construction of the CCT and TTT diagrams. The thermocouple was heated at a rate of 30oC /s 
to 1500oC, and the flux sample held at this temperature for 1min to eliminate bubbles and allow 
homogenization of composition and temperature. The sample was then cooled continuously to 
900oC at different cooling rates to construct the CCT diagram by recording the start time and 
start crystallization temperature at various cooling rates. To construct the TTT diagram, the 
sample was rapidly cooled at a cooling rate of about 80oC /s to various isothermal temperatures 
while recording the start time and the end time of crystallization. During CCT and TTT tests, 
5% and 95% volume fraction of crystallization were defined as the start and the end of 
crystallization, respectively. The volume fraction of crystallization was determined using 
image analysis software. 

       
Fig. 3 Thermal cycles for (a) CCT and (b) TTT tests 

3.2. Viscosity and Structural Characteristics 
Fig. 4(a) shows the change in flux viscosity as a function of CaO/Al2O3 ratio in the temperature 
range from 1125~1325oC. At temperatures above 1270oC the viscosity first rapidly decreases 
and then gradually becomes stable. However, at temperatures less than 1270oC, the viscosity 
first decreases and then increases. These changes in viscosity are closely related with the 
network structure characteristics of the melt at higher temperature and solid particles that are 
precipitated at lower temperature.  
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It is known that Al2O3 is an amphoteric oxide and that the behavior as an acidic oxide (network 
former) or basic oxide (network modifier), depends on the basicity of the melt.[10] For all fluxes 
tested in the current study, the mole fractions of the basic oxides CaO and Na2O are far higher 
than that of Al2O3, and therefore Al2O3 functions as an acidic oxide to form [AlO4]5--tetrahedra 
or is incorporated into the silicon-oxygen network structure when sufficient charge 
compensation is available through the presence of basic oxides. As shown in Fig. 4(b), this 
behaviour has been confirmed using FTIR spectra for mold flux quenched from 1350oC, which 
show the band for [AlO4]5--tetrahedral structural units near 650 cm-1 and Si-O-Al bending at 
about 500 cm-1.[11] At higher temperatures, with decrease in the CaO/Al2O3 ratio, more Al2O3 
is involved in the formation of aluminate or alumino-silicate network structures to increase the 
degree of polymerization which in turn increases the viscosity. With increasing CaO/Al2O3 
ratio, more free oxygen ions (O2-) are available to promote depolymerization, reducing the 
extent of the alumino-silicate network structure, and hence decreasing the viscosity. The FTIR 
spectra also show that with increase in the CaO/Al2O3 ratio, the center of the [AlO4]5--
tetrahedral structural units shifts toward lower wave-numbers and the band width decreases, 
which is consistent with a decrease in the degree of polymerization.  
At lower temperatures, precipitation of solid particles with high melting points begin to have a 
dominant role in controlling viscosity, so the viscosity increase.  

 
Fig. 4 Effect of CaO/Al2O3 ratio on (a) viscosity and (b) FTIR spectra of fluxes 

3.3. Crystallization Behaviour 
Fig. 5(a) shows the relationship between the CaO/Al2O3 ratio and the initial crystallization 
temperature at a fixed cooling rate of 0.5oC/s. The initial crystallization temperature first 
decreases from 1204oC to 1050oC with increase in CaO/Al2O3 ratio from 0.6 to 1.6, and then 
increases to 1138oC and 1422oC when the ratio increases to 2.2 and 3.2, respectively. This 
demonstrates that an increase in the CaO/Al2O3 ratio over a wide range from 0.6 to 3.2 first 
weakens and then enhances the tendency for crystallization.  
Fig. 5(b) compares the incubation time for initial crystallization at different holding 
temperatures and CaO/Al2O3 ratios. It can be observed that mold flux with a CaO/Al2O3 ratio 
of 3.2 begins to crystallize almost immediately even at higher temperatures, followed by mold 
fluxes with CaO/Al2O3 ratios of 0.6, 2.2, 1.1 and 1.6, respectively. The same phenomenon is 
observed with respect to the incubation time in the higher temperature zone. A high 
crystallization temperature and short incubation time suggest a strong crystallization ability, 
which is consistent with the results obtained from the CCT tests.  
From the above study, mold flux with a CaO/Al2O3 ratio in the range 1.1~1.6 has a low 
viscosity and a relatively weak tendency for crystallization. These conditions will enhance the 

(a)
(b)
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infiltration of the liquid flux into the gap between the steel shell and the copper mold, improve 
lubrication, promote heat transfer and consequently enhance the formation of a thick steel shell 
with fine grains and high strength thus decreasing the possibility of a liquid steel breakout. This 
is particularly significant for the casting of high-aluminum, non-magnetic steel 20Mn23AlV, 
which is prone to form a coarse columnar structure at low cooling rates thus decreasing the 
strength of the initial steel shell and leading to cracks and potential breakouts. 

 
Fig. 5 Effect of CaO/Al2O3 ratio on (a) initial crystallization temperature at a cooling rate of 0.5°C/s  

and (b) incubation time for crystallization at different holding temperatures 

Evaluation of B2O3 as a replacement for CaF2 in CaO-Al2O3-based mold flux 
To evaluate the feasibility of development of fluoride-free or low-fluoride CaO-Al2O3-based 
mold flux from the perspectives of viscosity and crystallization properties, the chemical 
compositions of the mold fluxes were designed by replacing CaF2 with B2O3 as listed in Table 
1. The experimental methods were same as those described in the section 3.1.  

Table 1 Chemical composition of the experimental mold fluxes (in mass percent) 
CaO SiO2 Al2O3 Na2O CaF2 B2O3 

28.8 

5 

26.2 

10 

20 10 

32.5 29.5 13 10 

36.1 32.9 6 10 

39.3 35.7 0 10 

36.7 33.3 0 15 

34.0 31.0 0 20 

4.1. Viscosity characteristic 
As shown in Fig. 6(a), increases of CaF2 and temperature decrease the viscosity of CaO-Al2O3-
based mold flux. The viscosity of molten flux at high temperature is related to the structure. 
The effect of CaF2 on viscosity is due to its effect on the structure and melting temperatures of 
the mold flux. Study[12] has indicated that CaF2 decomposes into Ca2+ and F- in a similar way 
to CaO Eq. (1). The F- ion then plays a similar role to that of free oxygen O2- ions and 
depolymerizes the complicated aluminate network structures [AlO4]5- into [AlF6]3- and [AlO6]9- 
according to Eqs. (2) and (3)[13]. FTIR study also indicated this reaction can depolymerize 
aluminate network structures and accordingly decrease the polymerization degree of molten 
flux, and the viscosity eventually decreases. Moreover, CaF2 also decreases viscosity by 
decreasing the melting temperature since viscosity is a function of temperature. The combined 
effects of depolymerization of network structures and decrease in melting temperatures caused 
by CaF2 result in a decrease in viscosity. 

(a) (b)
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CaO=>Ca2++O2-   CaF2=>Ca2++2F-                                           (1) 
n[AlO4]5-+2nO2-=n[AlO6]9-                                                  (2) 
3[AlO4]5-+6F-=[AlF6]3-+2[AlO6]9-                                            (3) 

In order to examine whether B2O3 can duplicate the effect of CaF2 on viscosity of CaO-Al2O3-
based mold flux, the effect of B2O3 was also studied with and without CaF2 addition. Fig. 6(b) 
shows addition of B2O3 has a similar effect to CaF2 in decreasing the viscosity, especially at 
low temperatures. As mentioned above, the viscosity of a melt is related to its structure. 
Addition of B2O3 depolymerizes the 3-D [BO4]5- into 2-D [BO3]3- structure, meanwhile, 
bridging oxygen O0 transforms into non-bridging oxygen O- during depolymerization. 
Moreover, addition of B2O3 can reduce Al-O stretching vibration of [AlO4]5- tetrahedral 
structures[11]. These changes from complicated structures to relatively simple structures caused 
by addition of B2O3 are responsible for a decrease in viscosity.  

 

Fig. 6 Effect of (a) CaF2 and (b) B2O3 on viscosity of CaO-Al2O3-based mold flux 

4.2. Crystallization behavior 
The initial crystallization temperature as a function of CaF2 at the fixed cooling rate of 0.5oC/s 
is plotted in Figure 7(a). Decrease of CaF2 from 20% to 13%, 6% and 0 increases the initial 
crystallization temperature from 1125oC to 1138oC, 1150oC and 1177oC, respectively. This 
result indicates that decrease in CaF2 content enhances crystallization of CaO-Al2O3-based 
mold flux, which is the opposite effect to that observed with conventional CaO-SiO2-based 
mold flux. This may be because addition of CaF2 promotes precipitation of cuspidine in CaO-
SiO2-based mold flux. Figure 7(b) shows the relationship between initial crystallization 
temperature and B2O3. A similar effect of B2O3 to CaF2 on the initial crystallization temperature 
can be observed. Increase in B2O3 content from 10% to 15% and 20% decreases the 
crystallization temperature from 1177oC to 1136oC and 1109oC respectively. This change 
suggests that addition of B2O3 restrains crystallization of CaO-Al2O3-based mold flux. It also 
indicates that the equivalent amount of B2O3 has almost a twofold effect compared to that of 
CaF2 on the initial crystallization temperature of CaO-Al2O3-based mold flux. This 
phenomenon may be because B2O3 serves as a network former to strengthen the glassy ability 
of mold flux. 
Fig. 8(a) summarizes the incubation times at different holding temperatures for CaO-Al2O3-
based mold flux with different amounts of CaF2. It is evident that within the high and middle 
temperature zones, the incubation time increases with increasing CaF2 content. This means 
crystallization of CaO-Al2O3-based mold flux within the high and middle temperature zones is 
retarded by higher CaF2 contents. It is also confirmed once again that decrease of CaF2 
promotes crystallization of CaO-Al2O3-based mold flux. This conclusion is consistent with the 

(a) (b)
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CCT results. The relationships between incubation time and holding temperature for the 
different B2O3 concentrations are summarized in Fig. 8(b). Mold flux with 10%, 15% and 20% 
B2O3 initiate crystallization at 1225oC, 1200oC and 1150oC, respectively. The incubation time 
at 1150oC is prolonged significantly from 34s to 50s and then 606s with increase of B2O3 from 
10% to 15% and 20%. These findings are consistent with the behavior of B2O3 as a network 
forming oxide. 

Fig. Effect of (a) CaF2 and (b) B2O3 on the initial crystallization temperature at a cooling rate 
of 0.5oC/s

Fig. Effect of (a) CaF2 and (b) B2O3 on incubation time for crystallization

From the perspectives of viscosity and crystallization, it has been shown that B2O3 can be used 
to replace CaF2 for the generation of CaO-Al2O3-based mold flux with free, or very low, CaF2

content. 

Viscosity model for mold flux with high Al2O3 content
Viscosity is an important property of mold flux, but its measurement requires much time and 
high cost. Thus there is no doubt that a viscosity model with high accuracy is of considerable 
benefit for evaluation of mold flux behaviour. Several researchers[14-17] have obtained semi-
empirical or empirical viscosity models based on different slag compositions and experimental 
results, but the Al2O3 content in these models is always less than 10%. There is therefore 
considerable limitation in predicting the viscosity of mold fluxes with high Al2O3, contents 
such as those in the present study with 30% Al2O3. Fig. 9 shows the comparison of 
experimental and calculated viscosities of mold flux with high Al2O3. The calculated viscosities 
using the Riboud[14], Urban[15] and RIST[16] models show large deviations from the 
experimental results. However the NPL[17] viscosity model, based on optical basicity shows a 
relatively better prediction. The present study has modified the NPL model based on the 
Weymann-Frenkel equation and optical basicity to improve accuracy in the prediction of 
viscosity of mold fluxes containing high concentrations of Al2O3.
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Fig. 9 Comparison between measured viscosities and those predicted by different models 

Weymann-Frenkel equation Eq. (4) describes the correlation between viscosity and 
temperature. 

ln
η
T

=lnA+
1000B

T
                                                                                         ( ) 

The correlation between parameters lnA and B can be seen from Fig. 10(a) based on Eq. (4) 
and experimental viscosity of the mold fluxes shown in Table 1. It can be seen that the 
relationship between lnA and B shows good linearity and can be represented by the following 
equation:  
lnA=-0.4327B-13.053 R2=0.9791                                          (5) 

The corrected optical basicity expression proposed by Shankar[18], Eq. (6), was used to establish 
a model based on the view that Al2O3 behaves as an acidic oxide when the molar ratio of basic 
oxides to Al2O3 is greater than unity. The optical basicity Λ of molten flux can be calculated 
from a knowledge of the flux composition and the optical basicity value of each oxide[17]. The 
correlation between B and Λ shown in Fig. 10(b) corresponds to the following relationship Eq. 
(7). 

 

Fig. 10 (a) Correlation between lnA and B, and (b) Correlation between B and optical basicity Λ 

(a) (b)
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Λ=

(XBnBΛB +…)
(XBnB+…)

(XAnAΛA +…)
(XAnA+…)

                                                                                 ( ) 

B=-180.67Λ2+659.88Λ-574.85 R2=0.8911                                   (7) 
Fig. 11 (a) shows a comparison between the measured viscosity of the fluxes listed in Table 1 
and the values calculated using the present model as well as previous models. Fig. 11 (b) 
provides a comparison between the measured viscosity of the fluxes (the compositions listed 
in section 3.1) and the values calculated with the present model. It should be noted that Eqs. 
(5) and (7) were obtained based on the viscosity of the fluxes shown in Table 1. However, the 
viscosities of fluxes listed in section 3.1 were not used for establishment of the viscosity model. 
It is evident that there is good agreement between the proposed model and the measured data 
for the fluxes listed in both section 3.1 and Table 2 despite the fact that model parameters were 
not derived based on the experimental results for the fluxes listed in section 3.1. 

 

Fig. 11 Comparison between the measured and calculated viscosities of fluxes listed in (a) Table 2 
and (b) section 3.1 

Conclusions 
(1) Sampling from the mold during continuous casting of high-Al non-magnetic steels shows 
slag/metal reactions have resulted in significant increase in the Al2O3/SiO2 ratio in mold flux 
from 0.25 to ca. 1.5. This increases the melting temperature of fluxes from 1080oC to greater 
than 1200oC and promotes precipitation of the high-melting point compound gehlenite. 
(2) Mold fluxes with CaO/Al2O3 ratios in the range 1.1~1.6 have a low viscosity and a relatively 
weak tendency for crystallization, both of which are good conditions for casting high-Al 
nonmagnetic steel 20Mn23AlV. 
(3) It was found that B2O3 played a similar role to CaF2 in changing the viscosity and 
crystallization of CaO-Al2O3-based mold flux. From the perspectives of viscosity and 
crystallization, it has been shown that B2O3 can be used to replace CaF2 for the generation of 
CaO-Al2O3-based mold flux with free, or very low, CaF2 content. 
(4) Based on the concept of optical basicity, a model with high reliability was established to 
predict the viscosity of mold fluxes containing high concentrations of Al2O3. 
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Abstract 
The reaction between [Al] and SiO2 sharply converted the original CaO-SiO2-based flux 

into CaO-SiO2-Al2O3-based flux during the continuous casting of high-Al steels, promoting 
the crystallization and deteriorating the mold lubrication. Therefore, study on the structure 
and crystallization behavior of CaO-SiO2-based and CaO-SiO2-Al2O3-based flux is important 
to solve this problem. The structure and crystallization behavior were investigated by Raman 
spectra and the single hot thermocouple technique. The results show that the [AlO4]

5- entered
the silicate network (CaO-SiO2-based) and the melt converted into the aluminosilicates 
structure (CaO-SiO2-Al2O3-based), the formation of Al-O-Al linkages and Si-O-Al linkages 
increased the instability of network structure. From the time temperature transformation 
diagrams, the strong crystallization tendency and the variety of crystals are mainly the 
properties of slag film in the CaO-SiO2-Al2O3-based flux. Hence, the improvement of the 
structural stability and suppression the crystallization tendency of the CaO-SiO2-Al2O3-based 
flux are key to design a high-Al steel mold flux. 

Introduction 
Recently, advanced high-strength steels have drawn much attention owing to their 

enhanced strength and formability [1–3]. These new grades of steel are characterized by a high 
Al content that improves the mechanical properties and produces lighter steel products [2].
However, alloying elements, such as Al, react with CaO-SiO2-based mold flux, thus 
converting the original CaO-SiO2-based flux into a CaO-SiO2-Al2O3-based flux [4]. The
structure and crystallization behavior change with this conversion of the mold flux, resulting 
in partially solidified steel shell that sticks because of decreased lubrication. Hence, it is 
important to study the structure and crystallization behavior of the mold flux during this
conversion. 

Intensive efforts have been carried out to study the mold flux for high-Al steels casting, 
and most of them are concentrated on the CaO-SiO2-Al2O3-based mold flux [5–7]. KIM et al. [4]

studied the viscosity trend of the mold flux as the SiO2 was gradually replaced with Al2O3

and reported that the viscosity increased with the increase in the Al2O3 content. Cho et al. [5]

found that the viscosity increased because the mold flux replaced the SiO2 with Al2O3 that 
was prone to crystallization, thus deteriorating the mold lubrication. Wang et al. [6] studied the 
effects of Na2O and Li2O on the crystallization property of CaO-SiO2-Al2O3-based mold flux 
and found that CaO-SiO2-Al2O3-based mold flux had a shorter crystallization incubation time 
and a strong ability to crystallize. Moreover, Wang also reported that 2CaO�Al2O3�SiO2 was 
the main crystal phase in the CaO-SiO2-Al2O3-based mold flux. Gao et al. [7] studied the
solidification and crystallization behavior of the CaO-SiO2-Al2O3-based mold flux and found 
that the strong crystallization tendency and the variety of crystals are mainly the properties of 
the CaO-SiO2-Al2O3-based mold flux. Moreover, Gao also reported that the slag structure 
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could be changed by adjusting the composition of the mold flux, thus varying the 
crystallization behavior of the mold flux. Although many researchers found that the 
CaO-SiO2-Al2O3-based mold flux was prone to crystallization and deteriorated the mold 
lubrication, the reason has not been reported. Hence, the structure and crystallization 
behavior of the mold flux with the progress of the slag–steel reaction was studied, and the 
growth mechanism of the crystallization in the CaO-SiO2-Al2O3-based mold flux was 
elucidated. This will help to design a high-Al steel mold flux. 

In this study, the structural characteristics of a molten slag were studied using Raman 
spectroscopy. The changes in the crystallization behavior during the conversion from 
CaO-SiO2-based flux to CaO-SiO2-Al2O3-based flux were analyzed by the single hot 
thermocouple technique (SHTT) and the characteristics of crystals were studied by scanning 
electron microscopy (SEM) and X-ray energy-dispersive spectroscopy (EDS). This can be 
used to determine the reason of strong crystallization tendency in the CaO-SiO2-Al2O3-based 
mold flux and design a high-Al steel mold flux. 

Materials and methods 
To study the changes in the structure and crystallization behavior during the conversion 

from CaO-SiO2-based mold flux into the CaO-SiO2-Al2O3-based mold flux, samples SA-2 (8% 
reacted SiO2) and SA-3 (Spent flux, 16% reacted SiO2) were designed based on SA-1 (Base 
flux) sample from the CaO-SiO2-based mold flux. The contents of SiO2 and Al2O3 changed 
due to the slag–steel reaction, whereas the contents of other compositions remained the same. 
The samples were prepared using pure chemical reagents; Na2CO3 and Li2CO3 were used to 
replace Na2O and Li2O, respectively. 100 g of each slag sample was placed in a platinum 
crucible and heated to 1673 K (1400 °C) using a silicon-molybdenum furnace for 30 min to 
ensure that the slag melted uniformly. Then, the slag samples were removed and poured into a
water-cooled steel plate for quenching. The quenched slag samples were removed, and 
samples with a size of <0.72 μm were prepared for further studies. 

Table 1 Chemical compositions of mold fluxes (wt.%)
Sample CaO SiO2 Al2O3 Na2O Li2O CaF2 MgO Total
SA-1 29.3 36.7 2.6 10.3 1.9 16.1 3.2 100.0
SA-2 29.0 28.3 11.7 10.2 1.9 15.9 3.1 100.0
SA-3 28.7 20.0 20.6 10.1 1.9 15.7 3.1 100.0

A LabRAM HR Evolution micro-Raman spectrometer (HORIBA, Japan) was used to study 
the slag structure. A solid laser with a wavelength of 532 nm and a power of 100 mW was 
used as the light source. The measurement threshold of the equipment was as low as 10 cm�1, 
and the spectra in the range 200–1600 cm�1 were used to study the slag structure. The 
crystallization behavior was studied through SHTT, and the crystallization characteristics 
were studied using CCT and TTT curves. The method to construct CCT and TTT curves has 
been described in previous reports [7]. Because the amount of samples obtained through the 
TTT experiment was relatively small (�10mg), their crystallized phases could not be directly 
identified using X-ray diffraction (XRD). Therefore, in this paper, after the TTT experiments, 
the samples were used for the SEM-EDS analysis. By stopping the TTT experiment, the slag 
sample was rapidly cooled down at a rate of �150K/s to room temperature. The 
microstructural aspects of the slags at a high temperature may be preserved in the quenched 
samples. Finally, the crystal types under different temperature conditions were obtained. The 
samples for SEM-EDS analyses were prepared as follows: The samples were mounted, 
grinded, polished, and spray-coated with gold on the surface to enhance the electrical 
conductivity of the mold fluxes.
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Results and discussion 
A. Structure of molten slag
The Raman spectra of the experimental slag samples are shown in Figure 1a. The 

characteristic peaks of each sample mainly appeared within three regions, namely, the 
low-frequency region (400–600 cm�1), intermediate-frequency region (600–800 cm�1), and 
high-frequency region (800–1200 cm�1). The peaks around 550 cm�1, 680 cm�1, and
800–1200 cm�1 were characteristic of Al–O–Al bonding, bending vibration of Si–O–Si, and 
stretching vibration of (Si, Al)–O�, respectively [8-11]. The characteristic peaks within the 
high-frequency region should be fitted according to Gaussian function because the peaks 
within this region can be attributed to the (Si, Al)–O� stretching vibrations in various 
microstructural units [11]. The typical deconvolution of the Raman spectra is shown in Figure
1b. After the deconvolution analysis, the peak positions and areas of the slag samples 
obtainedare listed in Table 2. The integrated area of the individual deconvoluted peaks 
provides a semi quantitative evaluation of the amount of the Qn units [8]. The Raman spectra 
of SA-2 and SA-3 are significantly different from SA-1. SA-1 sample exhibited a typical 
network structure of silicate melts, mainly composed of Q0, Q1, Q2, and a small amount of Q3

structural units. After the slag–steel reaction, both the contents of Al2O3 in the slag samples 
SA-2 and SA-3 increased gradually, whereas the contents of SiO2 gradually decreased, 
clearly changing the network structure of the mold flux. The new characteristic peaks at �550 
cm�1, 790 cm�1 and 830 cm�1 can be attributed to Al–O–Al bonding, [AlO4]

5-, and Si–O–Al
bonding [8]. This indicates that as the slag–steel reaction progressed, the Al3+ ions were 
absorbed into the silicate structure, mainly acting as the network formers in the 
CaO-SiO2-Al2O3-based mold flux. With the decrease in the content of SiO2, the number of 
network formers also decreased. Thus, the excessive network breakers led to the slag mainly 
composed of smaller structural units such as Q0, Q1, and Q2. Moreover, the area of the 
characteristic peak corresponding to the Si–O–Si bending vibration also decreased 
significantly, and the polymerization degree of the silicate network decreased. Hence, a
certain amount of Al entered into the network structure, acting as the network former.
According to the changes of characteristic peaks’ areas, SA-1 had a silicate network structure, 
mainly consisting of Q2. SA-2 had an aluminosilicate network structure, mainly consisting of 
Q0, and a small amount of Al acts as the network former. However, for SA-3, the network 
structure mainly consists of Q1; moreover, a large amount of Al was absorbed into the silicate 
structure participated in the formation of an aluminosilicate network structure.  

Figure 1. Raman spectra for mold flux (a) Effect of slag–steel reaction on the structure 
(b)Typical deconvolution of the Raman spectra 
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Table 2 Peak analysis of Raman in the mold flux 
Raman shift (cm-1) Peak area ratio (%)

Raman bands
SA-1 SA-2 SA-3 SA-1 SA-2 SA-3

555 554 10.8 16.1 Symmetric Al–O–Al stretching vibration

678 681 665 21.3 4.7 3.4 Bending Si–O vibration of [SiO3]
2–

791 790 0.3 2.9 Symmetric stretching Al–O- of [AlO4]
5–

839 839 3.3 14.4 Symmetric Si–O–Al stretching

861 859 868 13.6 40.2 11.5 Symmetric stretching Si–O- of Q0

908 910 890 13.2 24.4 33.0 Symmetric stretching Si–O- of Q1

965 970 953 45.8 16.3 18.7 Symmetric stretching Si–O- of Q2

1047 6.2 Symmetric stretching Si–O- of Q3

B. Effect of slag–steel reaction on the crystallization behavior of molten slag
The crystallization behaviors of the mold flux are shown in Figure 2. As shown in 

Figure 2a, the crystallization temperatures of all the samples decreased with continuous 
cooling rate increase. The main reason is because the nucleation and growth rate of crystals 
are the functions of the viscosity and the degree of undercooling. As the viscosity increases 
quickly under the higher cooling rate, the diffusion of the solute in the slag decreased, 
reducing the crystallization rate of the mold flux. Therefore, it requires a stronger driving 
force to initiate the mold flux nucleation. Moreover, under the same cooling conditions, the 
crystallization temperature characteristics of the mold flux were significantly different. A 
lower crystallization temperature and lower critical cooling rate indicate that SA-1 had 
relatively poor crystallization ability. As the slag–steel reaction progressed, the crystallization 
temperature and the critical cooling rate first increased and then decreased, indicating the 
presence of a relatively strong crystalline region during the conversion from the original
CaO-SiO2-based mold flux to the CaO-SiO2-Al2O3-based mold flux. Most of the studies [6, 7,

12] mainly focused on the original CaO-SiO2-based mold flux and the CaO-SiO2-Al2O3-based 
mold flux after the reaction. However, the mold flux easily entered the relatively strong 
crystalline region during the conversion from the original CaO-SiO2-based mold flux to the 
CaO-SiO2-Al2O3-based mold flux, which may be one of the reasons why the mold flux easily
formed the coarse slag on the steel liquid surface during the high-Al steel casting [12]. 

Figure 2. Crystallization behaviors of mold flux: a) CCT diagrams and b) TTT diagrams 
Figures 2b and 3 show the TTT curves of the mold flux. The difference in the 

crystallization ranges of the samples was obvious. The crystallization temperature zone of 
SA-1 was in the range 1173–1373 K (900–1100 °C), and its crystallization incubation time 
was relatively longer. But the crystallization temperature zones of SA-2 and SA-3 were 
mainly within 1173–1523 K (900–1250 °C), indicating that the crystal phases of these slag 
samples changed by changing the slag system. Based on the crystal incubation time, it is 
concluded that the crystallization inclinations of SA-2 and SA-3 were obviously stronger than 

0 50 100 150
1000

1100

1200

1300

1400

1500

1600

1700

SA-1
SA-2
SA-3

T
em

pe
ra

tu
re

/K

Time/s
0.0 0.5 1.0 1.5 2.0 2.5 3.0

1200

1300

1400

1500

1600

1700

1800

▲
▲

▲
▲

▲

� �

�
�

�
�

�������SA-1
�������SA-2
� ▲  �SA-3

�
�

�
80K/s

30K/s

50K/s

20K/s
15K/s

10K/s
5K/s

3K/s 1K/s

T
em

pe
ra

tu
re

/K

Log(t)

�
�

▲

(a) (b)

294



5

that of SA-1. This indicates that after the steel–slag reaction, the lower SiO2 content 
decreased the amount of network formers for molten slag, thus decreasing the degree of 
polymerization of the slag. Although a part of Al2O3 entered the silicate network as the 
network formers and formed the aluminosilicate structure, the slag was still easy to crystallize.
This indicates that the stability of the formed aluminosilicate structure was not as good as that 
of the silicate structure. Therefore, at proper temperatures, the mold flux with an 
aluminosilicate structure first easily changed from the disordered structure to an ordered 
structure and then crystallized. 

Figure 3. TTT diagrams of mold flux: a) SA-1, b) SA-2, and c) SA-3
C. Change in the crystal phases in the mold flux

The crystal morphologies and compositions of the slag samples after the TTT 
experiments were analyzed using SEM-EDS. The analyzing points are shown in Figure 3,
where point A represents the crystal phases of the slag samples kept at a high temperature for 
120 s, point B represents the crystal phases of the slag samples kept at a low temperature for 
120 s. The temperature was different at different positions in the mold; some crystals formed
in the high-temperature region moved to the low-temperature region because of the vibration 
of the mold. Thus, point C shows the crystal variation during the conversion from the crystals 
obtained after 120 s preservation at a high temperature to those at a low temperature for 200 s.
Figures 4–6 show the SEM images of the samples obtained at different temperatures. The 
crystal compositions of the different morphologies in the SEM were analyzed by EDS, and 
the results are listed in Table 3. Apparent differences were observed in the crystal 
morphologies and compositions between the samples obtained under different conditions. 
The main elements comprising the crystals were Ca, Si, and O. Therefore, the ratio, 
XCaO/XSiO2, in the crystal was used to determine the crystal type in the slag sample (the 
existence of Au can be attributed to the spray-coating of gold). Moreover, small amounts of 
Al, Mg or Na elements were observed in crystals. As the slag–steel reaction progressed, the 
content of SiO2 gradually decreased, thus increasing the ratio of XCaO/XSiO2. The CaO�SiO2

and 3CaO�2SiO2 in SA-1 sample were converted to 2CaO�SiO2, 3CaO�2SiO2, and 
2CaO�Al2O3�SiO2 in SA-2 sample, whereas the main crystalline phases in SA-3 were 
2CaO�SiO2 and 2CaO�Al2O3�SiO2. The crystallization of 2CaO�SiO2 in SA-2 and SA-3 
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extended the crystallization temperature region on the TTT curve into the high-temperature 
region and formed crystals within the high-temperature region. This inevitably resulted in a
thinner liquid slag layer between the mold and the steel shell, deteriorating the mold 
lubrication. Moreover, a comparison of Figures A and C shown for all the samples show that 
both the morphologies and compositions of crystals were significantly different. This 
indicates that the crystals crystallized at high temperatures (Figure A) would undergo crystal 
phase transition when they were kept at low temperatures (Figure C). Furthermore, after 
adding a small amount of other elements (Mg or Na) in the crystals of the same type, the 
morphologies changed significantly, as shown in SA-1 (A) and SA-3 (C). 

Figure 4. SEM of SA-1

Figure 5. SEM of SA-2 

Figure 6. SEM of SA-3 

According to the above analysis, the polymerization degree of the silicate network 
structure in the base slag, SA-1, was higher. Therefore, only small amounts of 3CaO·2SiO2
(Q1) and CaO·SiO2 (Q2) were formed rather than 2CaO·SiO2 (Q0). A relatively longer 
crystallization incubation time was required for the formation of CaO·SiO2; thus, it was more 
difficult to crystallize. As the slag–steel reaction progressed, the content of SiO2 in SA-2 and 
SA-3 decreased, thus decreasing the polymerization degree of the silicate network. The main 
crystal phases in the slag were 2CaO·SiO2 and a small amount of 3CaO2SiO2. Although a 
large amount of Al2O3 was generated during the slag–steel reaction, only a part of AlO4 was 

SA-1 A SA-1 B SA-1 C

a b

c

d

e f

g

SA-2 A SA-2 B SA-2 C

m
h i

j

k

l

SA-3 A SA-3 B SA-3 C

qn
o

p

296



7

absorbed on the silicate structure. This AlO4 was unable to stabilize the silicate structure 
(connected to SiO4 to form a three-dimensional polymerized network structure) and inhibited 
the crystallization of 2CaO�SiO2 in the mold flux. Only a small amount of AlO4 connected
with SiO4 and formed the Al-O-Si linkages, but this helped the formation of 
2CaO�Al2O3�SiO2. Combined with the variation in the crystallization incubation time, after 
the silicate structure (SA-1) converted into the aluminosilicate structure (SA-2), the stability 
of the slag structure significantly decreased. Hence, the slag was prone to undergo structural 
rearrangements followed by crystallization. During the development of the CaO-SiO2-based 
mold flux for high-Al steel casting, Al2O3 should replace SiO2 as the network former in the 
slag to compensate the insufficient network former because of the consumption of SiO2

during the slag–steel reaction. The CaO-SiO2-Al2O3-based mold flux after the slag–steel 
reaction also need the formed AlO4 repair the network structure that connected the 
island-shaped SiO4 into the three-dimensional polymerized network structure to inhibit the 
crystallization of the molten slag and provided the mold lubrication. Therefore, the key in 
developing the CaO-SiO2-based mold flux for high-Al steel casting was the inhibition of its 
crystallization by adjusting the compositions of the mold flux to promote the participation of 
more AlO4 in the mold flux after the reaction in repairing the network structure. 

Table 3. EDS point analyses of mold flux for samples 

Serial
numbers

Weight percentage of elements (wt%) XCaO/
XSiO2

Crystal phase
O Si Ca Al Mg Na Au

a 34.70 17.69 34.45 6.92 6.24 1.36 3CaO·2SiO2

b 37.55 18.16 32.66 3.17 1.81 6.65 1.26 3CaO·2SiO2

c 36.39 17.52 36.49 2.62 6.98 1.46 3CaO·2SiO2

d 40.31 18.97 29.56 1.32 2.15 2.61 5.08 1.09 CaO·SiO2

e 39.52 17.17 30.80 1.12 5.30 6.09 1.26 3CaO·2SiO2

f 34.98 16.88 35.57 5.68 6.89 1.48 3CaO·2SiO2

g 33.44 20.04 32.44 3.52 3.33 7.23 1.13 CaO·SiO2

h 37.72 16.05 38.92 1.40 5.91 1.70 2CaO·SiO2

i 35.96 15.21 32.36 7.29 2.25 6.93 1.49 2CaO·Al2O3·SiO2

j 38.62 14.55 28.91 3.34 2.65 5.05 6.88 1.39 3CaO·2SiO2

k 34.88 16.36 30.83 4.13 2.57 4.59 6.64 1.32 3CaO·2SiO2

l 37.07 13.18 29.12 12.10 1.87 6.66 1.55 2CaO·Al2O3·SiO2

m 37.12 14.87 36.26 2.36 2.94 6.45 1.71 2CaO·SiO2

n 34.95 15.74 37.40 11.91 1.66 2CaO·SiO2

o 32.51 11.46 30.72 11.62 2.04 11.65 1.88 2CaO·Al2O3·SiO2

p 36.14 13.51 38.29 5.20 6.86 1.98 2CaO·SiO2

q 33.94 15.27 40.53 2.76 7.50 1.86 2CaO·SiO2

Conclusion 
During the high-Al steel casting, the original CaO-SiO2-based mold flux converted to 

the CaO-SiO2-Al2O3-based mold flux with the progress in the slag–steel reaction, and the 
molten slag structure changed from the original silicate structure to the aluminosilicate 
structure. The contents of Q2 and Q3 significantly decreased, the polymerization degree of the 
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network structure decreased, the crystallization incubation time was shortened, and the 
crystalline phases were converted from 3CaO�2SiO2 and CaO�SiO2 to 2CaO�SiO2 and 
2CaO�Al2O3�SiO2 during this conversion. Moreover, the crystallization inclination 
significantly increased. Although a certain amount of AlO4 participated in the formation of 
the network structure, the instability of the aluminosilicate structure cannot inhibit the 
crystallization of 2CaO�SiO2 which increased the crystallization property, thus decreasing the 
lubrication. Therefore, the key in developing the CaO-SiO2-based mold flux for high-Al steel 
casting was to inhibit the crystallization of CaO-SiO2-Al2O3-based mold flux by adjusting the 
compositions of the mold flux to promote more AlO4 participate in repairing the network 
structure. 
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Abstract 

The influence of the CaO/SiO2 ratio on flux viscosity at 1300°C, break temperature and 
crystallization was investigated.  
The thermo-chemical software FactSage was used for the calculation of the viscosity, the 
equilibrium phase content and the liquidus temperature. Based on these results, two sample 
series with 8.8 wt% TiO2, 5 wt% B2O3 and CaO/SiO2 ratios from 0.8-1.2 were manufactured. 
Series M1 contained Li2O which was replaced by a higher content of Na2O for F-free mixtures in 
series M2. The viscosity and break temperature were determined through rotational viscometry, 
the crystallization temperature and crystalline fraction by a so called Furnace Crystallization 
Test, a macro style differential thermal analysis which enables a mineralogical investigation of 
the samples afterwards. 
The experiments exhibited that the break temperature, the liquidus temperature and the 
crystalline fraction rose with increasing C/S ratio while the viscosity decreased for both 
sequences.  

Introduction 

Commercial mold powders are synthetic slags that usually contain SiO2, CaO, Na2O, CaF2, C, 
etc. [1,2,3]. Fluorine is an essential component to decrease liquidus temperature and viscosity of 
the mold slag, and it further promotes the crystallization of the slag film through the formation of 
cuspidine [1,4,5]. However, fluorine is undesirable concerning health and environmental issues. 
Fluorine emissions may bring about corrosion and the acidification of cooling water [6]. Thus 
the investigation of mold powders without fluorine has become a research area of interest. 
It is noted that flux components as B2O3, TiO2, Li2O and Na2O are, to some extent, alternatives 
to fluorine on decreasing melting point and viscosity [7,8,9,10].  
In this study the influence of the CaO/SiO2 (C/S) ratio on flux viscosity at 1300 °C, break 
temperature and crystallization of laboratory slags, situated in the CaO-SiO2-Al2O3-Na2O-B2O3-
system was investigated.  
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Experimental 
 

Chemical Composition 
 
The thermo-chemical software FactSage was used for the calculation of the viscosity, the 
equilibrium phase content, and the liquidus temperature. From these calculations two series of 
samples with chemical compositions given in Table I followed. 
 

Table I. Chemical composition (mass%) of the samples investigated 
 CaO/SiO2 CaO+SiO2 TiO2 Na2O B2O3 MgO Al2O3 Li2O FeO 

M1 0.8-1.2 68 8.8 8.0 5.0 4.5 3.5 1.2 1.0 
M2 0.8-1.2 68 8.8 9.2 5.0 4.5 3.5 - 1.0 

  
Sample Preparation 
 
The mixtures were made from purified oxides and carbonates (reagent grades with at least ≥98 % 
purity). CaCO3, Na2CO3 and Li2CO3 were added to provide CaO, Na2O, Li2O respectively and 
Fe2O3 was added as a source of FeO. For decarburization the samples were annealed within 
ceramic containers in a high temperature chamber furnace at 700 °C for 12 hours. Subsequently 
the samples were melted in covered platinum crucibles at 1400 °C in a preheated chamber 
furnace for 15 min, afterwards poured into a steel mold and quenched to room temperature with 
cold water to obtain glassy pieces. Finally the samples were ground into powder and split up for 
the consecutive tests.  
 
Inclined Plane Test 
 
Determining the ribbon length of a viscous fluid after pouring on an inclined plane is a relatively 
simple, practical rheometric test [11]. Slags with lower viscosities will produce a longer ribbon, 
if the samples’ solidification temperatures are equal or in the same range. Thus, the Inclined 
Plane Test was used in this study to roughly evaluate the viscosities of fluxes at 1300 . 15 g of 
a sample were put into a platinum crucible and liquefied at 1490  in a high temperature 
chamber furnace for 15 min. Then the platinum crucible with the molten slag was removed and 
quickly inserted into a cylinder-shaped container. The mold slag was poured out immediately to 
let the slag flow down the plane and cool at ambient temperature, whereas the temperature of the 
slag upon impinging was controlled by a thermocouple and averaged 1300 °C. Finally the length 
of solidified specimen was measured.  
 

 
Figure 1. The device for the Inclined Plane Test.  
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Rotational Viscometry 
 
The dynamic viscosities and the break temperatures of the sample fluxes were evaluated with a 
commercial high temperature rotational viscometer. The crucible as well as the rotor were made 
of platinum. 27 g of the sample were heated within 30 min to 1400 °C and measured at a cooling 
rate of 10 °C/min.  During the experiment the furnace chamber was purged with argon. 
 
Furnace Crystallization Test 
 
The Furnace Crystallization Test (FCT) is a sort of a big scale differential thermal analysis and 
was performed in a high temperature chamber furnace as shown in Figure 2.  A sample weight of 
27 g was put in one platinum crucible and the equal mass of alumina was used as a reference 
material in a second crucible. The crucibles were heated up to 1350 °C and held for 15 min to 
ensure that the powders became completely liquid and then the furnace was allowed to cool to 
room temperature at a cooling rate of 10 °C/min. The temperatures of the F-free mold powder 
and the alumina were measured with type S thermocouples and recorded via a data logger at 
intervals of 30 s. 

 
Figure 2. Set up of the Furnace Crystallization Test. 

 
After this procedure, the crucible was turned upside down to retrieve the solidified specimen, 
which was cut across the platinum wire into two pieces. One half was crushed into powder and 
analyzed by X-ray diffraction (XRD), the other part was polished for reflected light microscopy 
and scanning electron microscopy (SEM) investigations. 
 
Simultaneous Thermal Analysis 
 
Simultaneous thermal analysis (STA) measurements were carried out in order to determine the 
liquidus temperature and the crystallization temperature of the specimens. 80 mg mixture were 
put into a platinum crucible together with a platinum loop with a diameter of 2 mm to enhance 
crystallization. The crucible was covered with a platinum lid during the measurement process. 
The measurement was performed with a heating rate of 20 /min and a cooling rate of 
10 /min, the sample chamber was purged with nitrogen. 
 

Results and Discussion 
 
Viscosity 
 
The results of the rotational viscometry at 1300°C are given in Figure 3a; they are somewhat 
lower than those predicted by FactSage with the data available at the beginning of 2015. The 
ribbon length from inclined plane test as function of basicity (C/S) is shown in Figure 3b. As 
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expected, both methods exhibit that the viscosities of the fluxes at 1300  decrease with the 
increase of basicity and mixtures with Li2O have lower viscosities than mixtures without Li2O. 
CaO, Na2O and LiO2 all act as network modifiers within the silicate structure. In M2 1.2mass% 
Na2O are replaced by 1.2 mass% Li2O. Due to the lower molecular weight of Li the molar 
amount of Li2O is more than double of the Na2O reduction and thus increases the available 
network modifiers. Due to the viscosity decrease with rising C/S ratio only the samples with 
basicities ranging up to to 1.1 remain glassy during the Inclined Plane Test. Mixtures with C/S of 
1.2 have a higher crystallization tendency, and the cooling rate was too low to prevent the 
samples from crystallizing at the surface.  
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Figure 3. Viscosity at 1300°C (a) and the ribbon lengths (b) of 
different F-free mixtures after Inclined Plane Test in 
dependency of basicity (C/S). 

 
Solidification 
 
Solidified samples after the Furnace Crystallization Test are pictured in Fig. 4. The black parts of 
the specimen are glassy while the yellow ones contain crystal phases. For mixtures with C/S of 
0.8 crystal phases formed only along the platinum wire. For a ratio of 0.9 this crystalline mass 
slightly increased. With a value of 1.0 it could be observed that the interface of the samples 
became yellow, which indicated that a lot of crystals were formed around the surface, but still a 
large amount of glass phase existed inside the samples. For C/S of 1.1, just small amounts of 
glass phase appeared in the middle of the samples and no glass phase could be observed with 
C/S=1.2. Therefore, it can be concluded that the tendency for crystallization increases with 
increasing slag basicity. Due to the fact that the amount of crystals within samples of series M1 
and M2 and a basicity of 0.8, 0.9 and 1.0 was that small, no crystal phase could be precisely 
identified through XRD. In Figure 5 XRD patterns of series M2 are given. For C/S of 1.1 and 1.2 
combeite (NaCaSiO4), perovskite (CaTiO3), nepheline ((Na,K)AlSiO4) and a calcium borate 
silicate (Ca11B2Si4O22) could be determined in both series. 

 
Figure 4. Samples after FCT test M1 left, M2 right.  
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Figure 5. X-ray diffraction spectra of series M2 after Furnace 
Crystallization Test. 

 
Figure 6. Back scattered electron images of series M2 after FCT. 
Phases: perovskite (CaTiO3) (1), wollastonite (CaSiO3) (2), 
combeite (NaCaSiO4) (3), amorphous phase (4), calcium borate 
silicate Ca11B2Si4O22 (5), nepheline (Na,K)AlSiO4 (6) and 
merwinite (Ca3MgSi2O8)(7). 

 
Microstructure 
 
As mentioned before, with M1 and M2 C/S 0.8, 0.9 and 1.0 some crystals appeared in the 
thermocouple area since heterogeneous nucleation occurred at the platinum wires. In both series 
for C/S of 0.8 and 0.9 wollastonite (CaSiO3) was formed first and became the main crystalline 
phase, followed by perovskite, the brightest phase visible in Fig 6. Finally trigonal combeite 
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crystallized. For samples with a C/S ratio of 1.0 perovskite became the first phase to form and 
Ca11B2Si4O22 and nepheline were formed additionally. 

Raising the C/S ratio to 1.1 led to a drastic change in the crystal formation. In Fig.6 perovskite is 
now visible as large dendroid crystals surrounded by merwinite and Ca11B2Si4O22. Moreover 
Ca11B2Si4O22 became the main crystalline phase, combeite and some nepheline formed 
additionally. Large merwinite crystals grew in contact with the platinum wire. Wollastonite 
could not be observed any more. Finally, raising the C/S ratio to 1.2, perovskite and 
Ca11B2Si4O22 increased their size, as can be seen from Figure 8. Again combeite appeared around 
the perovskite and Ca11B2Si4O22 is framed by nepheline and merwinite.  

The increase of the crystalline portion and the crystal size is caused by the function of CaO as a 
network modifier, which weakens the glass structure. On the other hand lower viscosities 
promote diffusion processes and therefore crystal growth. Since the amount of TiO2 is > 6.7%, 
perovskite was always present in line with Xin [10]. 
 
Melting and Solidification 
 
As can be seen from Fig. 7 the impact of the C/S ratio on the liquidus temperatures, as measured 
by STA exceeds the FactSage prediction (which was not performed with a database optimized 
for the boron containing compositions). Furthermore, in accordance with [12] substitution of 
Na2O for LiO2 led to an increase of the liquidus temperature. 
 
To determine the crystallization temperatures, the FCT and STA were applied and their results 
compared in Fig.7. The FCT results display only a slight increase of the crystallization 
temperature with rising C/S ratio, whereas the STA temperature values are lower for C/S of 0.8 
to 1.0 and much higher for C/S above 1.0. The reason for this discrepancy is the characteristic of 
each method. Whereas with the FCT the thermocouple, which promotes crystallization, is 
inserted into the sample, the thermocouple of the STA is located under the crucible. In the first 
case only a small area around the thermocouple is measured, where crystals always form first, 
while with the STA the whole sample mass may contribute to the measurement. STA 
measurements represent a higher undercooling thus leading to lower results. If crystallization 
occurs in the bulk volume, temperature results of both methods are similar. On the other hand, 
due to the higher sensitivity of the STA device very small peaks of first crystallization, most 
likely from perovskite, which are not the main peaks, could be detected. These peaks are not 
visible in the FCT curves. The lower viscosity and therefore faster diffusion processes in the 
liquid of the samples with LiO2 may also be the reason why the crystallization temperatures of 
M1 were higher than those of M2.  
 
Fig. 8a displays selected curves from which it can also be deduced that more than one crystal 
phase has formed during the viscosity measurement in some cases, especially with the samples 
of C/S ratio of 1.1 and 1.2. But in these two cases the crystallization of the first precipitating 
phase had an insignificant impact on the viscosity curve progression. This was the reason why 
for Fig. 8b not the first but the break temperatures with the most distinguished rise in viscosity, 
so to say the main break temperatures, were chosen. From this it follows that, in accordance with 
the crystallization temperatures, the samples with Li2O show the higher break temperatures and 
that the main break temperature will rise with increasing C/S ratio as long as the main break 
temperature is the first break temperature.  
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Figure 7. Melting (a) and b) Crystallization temperatures (b) 
received from STA and Furnace Crystallization Test.  
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Figure 8. Selected viscosity curves of M1 (a) and main break 
temperatures (b). 

 
Conclusion 

 
From this work can be concluded that a rise of the C/S ratio leads to an increase of the melting 
and crystallization temperatures. Furthermore the amount of crystal portion formed can be 
controlled by the CaO/SiO2 ratio. Especially the amount, the shape and the size of perovskite 
correlate positively with the CaO/SiO2 ratio. For a C/S ratio of 1.0 to 1.2 perovskite supports 
heterogeneous nucleation of other phases. Additional crystalline phases form dependent on the 
CaO/SiO2 ratio. LiO2 enhances crystallization due to its action as a network modifier. 
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Abstract 

The thermal resistance between the cast strand and the copper mold in continuous casting is 
dominated by the conduction resistance through the partially solidified mold flux layer and the 
contact resistance between the solidified mold flux and the mold. In the cold-finger approach, a 
freeze layer of mold flux is grown on a water-cooled probe immersed in molten flux. In 
principle, the thickness of the solid layer and the steady-state heat flux can be used to estimate 
conductivity and contact resistance. Lower-basicity fluxes generally give somewhat lower heat 
fluxes under these conditions and result in formation of glassy films. Glassy films are generally 
significantly thinner than crystalline films, because of the higher thermal conductivity of 
crystalline films. A potential approach to estimate thermal conductivity and contact resistance 
from transient changes in solid film thickness and heat flux is outlined. 

Introduction 

Of the multiple roles that mold flux performs in the continuous caster mold, control of heat 
transfer is possibly the least understood.  In part, this is due to the significant experimental 
difficulty of measuring the heat flux through a controlled thickness (of the order of millimeters 
thick) of mold flux, under conditions relevant to caster molds.  Heat fluxes in casters range from 
around 1 MW/m2 for slab casters, to 4 MW/m2 for thin-slab casters, and the typical temperature 
difference across the thickness of the mold flux is around 1000°C.  Current mold flux 
compositions are also unstable at temperature, tending to lose fluorides by evaporation.  The 
mold flux consists of multiple phases: liquid next to the strand surface, often glassy solid next to 
the mold, fully or partially crystalline in between, and with gas bubbles captured within the flux 
layer and at the flux-mold interface. 

Given this difficult and complex combination, it is not surprising that there is disagreement 
regarding the main factors which control heat transfer: whether radiative heat transfer through 
the flux is significant compared with conduction, and whether conduction or the interfacial 
resistance (between mold flux and mold) is the main resistance to heat transfer. 

As examples of the apparently contradictory results reported in the literature, Yamauchi et al. [1]
stated that the interfacial resistance (affected by roughness of the mold flux film at its interface 
with the mold) is the main factor controlling heat transfer, whereas Tsutsumi et al. [2] found the 
conduction resistance to be larger, at least for films in the practically important thickness range 
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of thicker than 0.5 mm, and Kromhout et al. [3] concluded that surface roughness and interfacial 
resistance are of lesser importance.  Of course, some of this lack of agreement may reflect 
differences in the mold fluxes which were studied, but there does appear to be a gap in the 
fundamental knowledge of what controls heat transfer, and how this can be measured. 

Cold-finger measurements [4] have been used to study solidification of mold flux under more 
realistic casting conditions, and correlate its thermal properties with morphology and 
composition.  In this method, a water-cooled copper probe is immersed in molten mold flux with 
a controlled flux temperature.  The temperature differential of the cooling water is used to 
determine the heat transfer rate at the cold face of the copper probe; under steady-state 
conditions, the heat transfer rate is the same at the hot and cold faces of the copper probe, and at 
the hot face of the solidified mold flux layer. 

For heat transfer across mold flux, the boundary conditions in cold-finger measurements differ in 
important ways from those in continuous casters, as illustrated schematically in Figure 1. The 
main difference is that the total thickness of the mold flux layer is around 1 mm in continuous 
casters, whereas in the cold-finger measurements the solid film thickness is unconstrained; the 
solid film grows until steady-state heat transfer is attained. 

Figure 1. Schematic of the main differences in boundary conditions 
for heat transfer across the mold flux in the continuous caster 
(upper drawing) and in cold-finger measurements (lower drawing). 

At steady state, the heat transfer rate across the solidified film is equal to the rate of convective 
heat transfer between the liquid flux and solid layer. Analysis of a range of mold flux 
compositions (spanning the range of basicities of industrially used fluxes) indicated that the 
temperature at the solid-liquid interface is close to the solidus temperature [5], similar to what 

308



was concluded by Fallah-Mehrjardi et al. [6]. This means that the steady-state heat transfer rate 
is given by Equation (1): 

q = hflux(Tbulk-Tsolidus) (1) 

where q is the heat flux (W/m2), hflux (W/m²K) is the convective heat transfer coefficient between 
the solid and liquid mold flux, Tbulk (K) is the (controlled) temperature of the liquid mold flux, 
and Tsolidus (K) is the solidus temperature of the mold flux. 

As shown by Equation (1), the steady-state heat flux contains no direct information on the 
thermal conductivity of the solid mold flux layer, nor the contact resistance between the solid 
mold flux layer and the copper probe. These values, which are the ones of importance to heat 
transfer in the continuous caster mold, can be extracted from cold-finger measurements, but this 
requires additional analysis of the results. The directly measured heat transfer rate in cold-finger 
measurements is not useful in itself for comparing heat transfer between different mold fluxes. In 
this paper, results of a simple one-dimensional heat transfer model is used to illustrate the 
principles of the methods which can be used to obtain the thermal resistance of solid mold flux 
layers from cold-finger measurements. 

Heat transfer model 

The expected response of the cold-finger measurement to changes in the heat transfer conditions 
was predicted with a simple transient, finite difference, one-dimensional purely heat transfer 
model; the main features of the model are shown in Figure 2.  This was a pure explicit finite-
difference heat-transfer model. The temperature at the liquid-solid interface was taken to be the 
melting point (solidus temperature) of the mold flux; the position of the solid-liquid interface 
was tracked explicitly. 

Figure 2. Main elements of 1D transient model of cold-finger 
measurement. 

The default conditions assumed in the calculations are given in Table I.  The initial conditions 
were taken to be those when the cold finger is first immersed into the molten mold flux, i.e. cold 
copper (at the temperature of the cooling water) with zero thickness of solidified flux.  

309



Results and discussion 

Typical results are shown in Figures 3 and 4.  The change with time of the calculated heat flux at 
the cold face of the copper has the same shape as that measured experimentally [4,7,8], namely 
an increase to a peak value, with a subsequent decrease to a steady-state value. The initial 
increase in heat flux results from the thermal inertia of the copper layer between the cooling 
water and the mold flux; the heat flux at the interface between the copper probe and the mold 
flux is highest at time zero and decreases over time to approach steady state. Figure 3 illustrates 
that the steady-state heat flux is proportional to the convective heat transfer coefficient between 
the molten flux and solid layer (see also Equation [1]); the interfacial resistance (between the 
probe and the solid flux layer) and the thermal conductivity of the solid layer have no effect on 
the steady-state heat transfer rate but do affect the peak rate somewhat (Figure 4). 

Because the thermal resistances (conduction and interfacial resistances) of the solidified mold 
flux do not affect the steady-state heat flux, additional measurements are required to obtain these 
resistances.  Based on the relationship in Equation (2), the steady-state thickness of the solid flux 
film is a useful measurement: 

Lsolid = ksolid[(Tsolidus-Twater)/q - LCu/kCu - 1/hwater – Rint] (2) 

where ksolid is the thermal conductivity of the solid flux layer, Tsolidus the solidus temperature of 
the mold flux, Twater the cooling water temperature, q the steady-state heat flux, LCu the thickness
of the copper probe and kCu is thermal conductivity, hwater the convective heat transfer coefficient 
between the cooling water and the copper probe, and Rint=1/hint the contact resistance between 
the solid flux film and the copper probe. 

Table I. Default conditions for 1D cold-finger model calculations 
Copper

kCu (W/mK) c (J/kgK) � (kg/m3) LCu (m) Ti (°C)

400 385 8960 0.005 25

Mold flux
ksolid (W/mK) 	Hf (kJ/kg) � (kg/m3) Tf (°C) Tbulk (°C) hflux (W/m2K)

1 559 2500 1200 1500 1500

Interface Cooling water
hint (W/m2K) Tw (°C) hwater (W/m2K)

1000 25 20000
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Figure 3. Calculated effect of the heat transfer coefficient between 
solid and liquid flux on the measured heat flux at the cold face of 
the copper probe. 

Figure 4. Predicted effects of differences in the thermal 
conductivity of the solidified flux (left) and interfacial resistance 
(right) on the measured heat flux. 

Equation (2) shows that, for a given set of measurements of steady-state heat flux and solid film 
thickness, different pairs of values of interfacial resistance and thermal conductivity of solid can 
fit the results; it is not possible to find interfacial resistance and thermal conductivity from a 
single steady-state measurement.  

However, one possible approach is to perform measurements at different bulk temperatures. The 
solid layer is thinner for higher bulk liquid flux temperatures; the change in solid-layer thickness 
with temperature depends on the balance between conduction and interfacial resistances; see 
Figure 5. 

This predicted effect of bulk temperature on solid-layer thickness was tested experimentally 
using two mold fluxes, with higher and lower basicity; compositions are given in Table II.
Details of the measurement approach are given elsewhere [5,7]. The solid layers formed from the 
higher-basicity mold flux were largely crystalline (with cuspidine the major phase) whereas the 
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lower-basicity mold flux formed glassy solid layers. Measured film thicknesses are given in 
Figure 6, with fitted thermal properties listed in Table III. 

Table II. Compositions (mass percentages) of mold fluxes used to illustrate effect of bulk 
temperature on cold-finger measurements 

 CaO CaF  SiO  Li O Na O MgO Al O  Fe O  MnO 
Higher B 33.1 24.5 30 5.4 0.9 0.5 3.4 2.1 0 

Lower B 15 20.5 38.7 0 17.5 1.3 3.3 0 3.1 

Table III. Fitted values for Figure 6. 
 hflux 

(W/m²K) 
ksolid 

(W/mK) 
Rint 

(m²K/W) 
Higher B 1500 2.8 6×10-4 
Lower B 1400 1 3×10-4 

 

 
Figure 5. Illustration of the principle behind using different bulk 
temperatures to evaluate the film conductivity (ksolid) and 
interfacial resistance (Rint): the change in steady-state solid film 
thickness with bulk temperature depends on the balance of ksolid 
and Rint (calculated ksolid=2.8 W/mK and Rint=0.6×10-3 m²K/W, or 
ksolid=3.5 W/mK and Rint=1×10-3 m²K/W; hflux=1500 W/m²K; 
Tsolidus=1000°C; other values as in Table I). 
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Figure 6. Measured solid layer thickness (data points) with fitted 
relationships (lines; see Table III), for higher- and lower-basicity 
mold fluxes tested at 1250°C, 1325°C and 1400°C. 

In choosing the thermal properties to fit the experimental results (Figure 6 and Table III), the 
assumption is that the effective thermal conductivity and interfacial resistance do not depend on 
the bulk temperature of the liquid mold flux. It seems reasonable to assume that the effective 
thermal conductivity is the same, since the temperature range across the solid layer is similar in 
all cases (this range is from the solidus temperature to the much lower temperature adjacent to 
the copper probe). However, roughness measurements of the surface of the solid film which had 
been adjacent to the probe showed that the interface was rougher for crystalline (higher-basicity) 
solid films formed at higher temperatures [5]. The rougher interface is expected to result in a 
higher interfacial resistance, which is why the measured thickness for the highest bulk 
temperature in Figure 6 falls significantly below the fitted line, for the crystalline (higher-
basicity) mold flux. 

The dependence of interfacial roughness on the bulk liquid temperature likely results from the 
rate at which the film grows. For a higher liquid temperature, the film grows more slowly, and 
the interface is rougher.  This effect of the bulk temperature invalidates the assumptions which 
underpin this approach, and another method is needed to estimate the solid-film thermal 
conductivity and interfacial resistance. A promising approach is to use the transient heat flux and 
change in solid-film thickness as the system approaches steady state.  Equation (2) shows that 
different combinations of solid-film thermal conductivity (ksolid) and interfacial resistance (Rint)
could fit the measured steady-state heat flux and solid film thickness, for a single bulk liquid 
temperature. However, for such a set of steady-state measurements, Equation (2) defines a fixed 
relationship between ksolid and Rint; for different pairs of values of ksolid and Rint which fit this 
relationship, the transient changes in measured heat flux (especially the peak heat flux) and solid 
layer thickness can be quite different. An example of this effect is shown in Figure 7. 
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Figure 7. Principle of using measured transient heat transfer at one 
liquid-flux temperature to fit the solid-layer thermal conductivity 
and interfacial resistance: combinations of ksolid and Rint which 
yield the same steady-state thickness (for the given heat flux) give 
very different peak heat flux values, and different film growth
rates. Values plotted for 1325°C bulk temperature, ksolid=3 W/mK 
or 2 W/mK, and Rint=6.9×10-4 m2K/W or 0.62×10-4 m2K/W. 

The results of Wen et al. [8] illustrate just such a relationship. In that work, mold fluxes with the 
same overall composition were prepared using different raw materials; the choice of raw material 
affected the crystallization behavior. As expected from the relationships presented here, the 
measured steady-state heat flux was the same for mold fluxes prepared with different raw 
materials [8] – this is expected, because the steady-state heat flux is controlled by liquid-flux 
heat transfer. However, the peak (transient) heat flux was lower for more-crystalline films (of the 
same composition) [8]; again as expected, since more-crystalline films would tend to have a 
higher thermal conductivity and a higher interfacial resistance – resulting (as shown in Figure 6) 
in a lower peak heat flux. 

Conclusions 

The cold-finger method is useful in yielding heat fluxes and solid-film microstructures which are 
similar to those encountered in industrial continuous casters, as shown in previous work [7]. The 
heat flux measured with the cold finger does not give direct information on the thermal 
resistances of the solidified mold flux. However, measuring the steady-state heat-flux and the 
steady-state thickness of the solid film constrains the values of the solid-film thermal 
conductivity and the interfacial resistance to one functional relationship. Using this relationship 
together with the transient changes in measured heat flux should allow reliable determination of 
the solid-film properties.  
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Abstract 

Mold fluxes are used in continuous casting of steel to control heat transfer from the steel shell to 
the copper mold based on their structure and properties. Structures observed in mold flux film 
samples extracted from conventional and thin slab continuous casters at the end of a cast were 
examined using cathodoluminescence (CL) imaging in conjunction with XRD and SEM/EDS 
analysis. Glassy and crystalline structures in the flux films varied greatly depending on sampling 
location in the mold, distance from the mold wall and the mold flux being examined. 
Temperature data collected from thermocouple arrays in a thin slab funnel mold indicated saw-
tooth temperature fluctuations in the lower area of the funnel region, presumably due to cyclic 
fracture and regrowth of the mold flux crystalline layer in that region of the mold. The 
temperature observations correlate well with the structures observed in the flux film samples 
from the region. CL microscopy clearly distinguishes glassy regions from regions with 
devitrified and dendritic crystal growth, as well as continuous and fractured crystallite layers and 
cuspidine and nepheline phases that are present. The technique also highlights small variations in 
Mn oxide content in the glassy region of the flux that results from exchange reactions with the 
steel, making flow lines in the previously liquid portion of the flux film clearly visible. The 
benefits of applying cathodoluminescence imaging to the analysis of mold flux films in 
continuous casting are discussed. 

Introduction 

Mold flux is critical for regulating mold heat flow and controlling slab surface quality in the 
continuous casting process [1,2,3]. The crystalline structure that forms in the mold flux film in 
the mold gap region of the continuous caster plays a significant role in the performance of a 
mold powder for a given steel grade and caster (Figure 1). Mold powders are often selected 
based on their viscosity and primary crystallization temperature even though the crystallite 
phases and morphologies that are observed in the mold gap generally do not form by the primary 
crystallization path [4]. The crystalline layers that are observed in the mold gap have been found 
to form by devitrification of the super-cooled glass layer that remains in contact with the caster 
mold well beyond the residence time of the steel shell [4,5]. The phases and structures formed by 
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devitrification have a strong influence on the mold thermal behavior through their influence on 
the crystalline layer’s resistance to shear and fracture in the mold gap. Crystalline film fracture 
and reformation appears to be a primary cause of periodic temperature and heat transfer 
fluctuations in the mold [4]. Techniques such as: DSC [6-8], DTA [9-11], SHTT [6,12-14], and 
DHTT [14], can be used to characterize mold flux. However, these techniques rely on simulating 
only a small portion of the mold environment. Cathodoluminescence (CL) analysis has been a 
standard technique for geological materials for 30 years, but in the last 20 years has been 
developed as an effective method to observe refractory corrosion. [15] This paper will discuss 
the application of cathodoluminescence analysis to the investigation of crystallization behavior 
for industrial flux films, in conjunction with XRD and SEM.  

Figure 1: Schematic of the funnel mold and the cross section of the mold. 

Experimental Procedure 

Flux film samples were extracted from the funnel mold of a thin slab caster at the end of a cast. 
The flux composition, as reported by the supplier, is recorded in Table I.  

Table I. Composition of mold flux in wt% (R=Na, K, Li).
Basicity MgO Al2O3 
 R2O F

0.8 2.6 5.9 16.5 8.6

Specimens were analyzed using powder x-ray diffraction (XRD) on a PANalytical X’Pert Pro 
Multi-Purpose Diffractometer with a Cu Kα x-ray source. Specimens were mounted in epoxy 
and polished to a 0.1μm finish. Crystallite structures were analyzed using cathodoluminescence 
(CL) microscopy (model 8200 MK II) and SEM/EDS using an ASPEX-PICA 1020. 

Results and Discussion 

Many of the flux film samples exhibited a crystalline layer on the mold wall side of the film as 
reported elsewhere [5,24,25]. Samples obtained from lower in the funnel also exhibited fractures 
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in the crystallite film, and areas that were almost fully glassy. Figure 2 shows the variation in the 
flux film appearance as the sample location progressed lower into the funnel. 

Figures 2 (a) and (b) are primarily crystalline with very little glass infiltration except along a 
large crack in (b). Figures 2 (c) and (d) are glassy and show longitudinal striations across the 
face. This structure is believed to result from crystalline layer fracturing and re-filling with glass. 
This behavior is consistent with thermal data collected from an instrumented funnel mold, where 
temperature was monitored at several locations both within and outside of the funnel region. 
Large saw tooth shaped fluctuations in temperature (± 45°C) were evident within the high-stress 
funnel region (Figure 3a). The rapid temperature decrease is associated with crystal fracture and 
removal, while the rapid temperature increase is associated with glass infiltration in the fractured
region. The slow drop in temperature is associated with aging and crystallization of the glass.  
Outside of the funnel region, smaller (± 10°C) temperature fluctuations were evident (Figure 3b).  

CL imaging proved to be a valuable method for identifying crystalline phases and structure in 
polished flux film samples. Figure 4 shows a cross section of a flux film from lower in the funnel 
area. The yellow and bright orange regions are crystalline and the light orange regions are glassy. 
The crystalline layer on the mold side of the flux film is fractured. The flow lines in the glassy 
region suggest that glass flowed and infiltrated the fracture region. The structures in the CL 
image support the theory of crystalline fracture and backfilling with glassy material by the 
mechanism proposed in Figure 5. 

Figure 2: Flux film samples from upper funnel area (a) to lower funnel area (d) - Mold side. 

The variation in shades in the darker orange region opposite the mold highlights the flow lines in 
the glassy region of the flux film that was fluid during casting. The color variations are directly 

(a) (b) 

(c) (d) 

10 mm 10 mm 

10 mm 

10 mm 
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related to variations in manganese oxide content in the flux that was picked up during casting 
from interaction of the mold flux with the molten steel. Figure 6 documents this pickup. These 
variations in manganese oxide level were also documented using SEM/EDS analysis. 

 

 

(a)  

 

(b) 
Figure 3: Inside the funnel area (a) exhibits saw tooth behavior, where temperature fluctuates on 
a semi-regular basis with respect to time. Outside the funnel area (b), temperature fluctuations 
are mild (± 10°C). Corresponding diagrams indicate thermocouple locations in the funnel mold. 
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Figure 4: CL image of flux film sample – lower funnel region.  

 
Figure 5: Proposed origin of saw tooth temperature fluctuations: (1) fracture of flux crystalline 
film, (1�2) withdraw of flux crystalline film, (2) air gap, (2�3) inflow of glass, (3) complete 
glass infiltration, (3�1) aging and crystallization of glass. 

 

Mold Side 
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Figure 6: Flux film chemical analysis indicating manganese oxide pickup in mold flux. 

XRD analysis of the flux films shows both the cuspidine and the nepheline phases are present in 
the flux film. The presence of nepheline in the crystalline layer suggests that this layer formed by 
devitrification of a super-cooled glass and not by primary crystallization [1, 9]. Devitrification 
follows a cooling path achieved by cooling faster than the critical cooling rate, avoiding 
crystallization, and isothermally holding at a temperature. In flux films, nepheline can only be 
formed through devitrification [9]. Its presence suggests that a super-cooled glass layer that 
remains in contact with the caster mold well beyond the residence time of the steel shell [1]. The 
distribution of cuspidine and nepheline in the crystalline layer can be seen more clearly in the CL 
image in Figure 7 (a), cuspidine being yellow and nepheline being brown. These phases were 
also confirmed by SEM EDS analysis, Figure 7 (b). 

CL images best show the morphology and crystallites present. The cuspidine (yellow-orange) 
appears to co-crystallize with nepheline (dark orange) along the mold face. The crystal structures 
in the flux film change based on distance from the mold wall. Along the mold wall both 
cuspidine and nepheline have crystallized as small equiaxed crystals. As the temperature 
increases with distance away from the mold wall, the nepheline crystals do not appear to form as 
readily and the cuspidine crystal concentration increases. This forms a dense crystalline layer 
approximately 200μm from the mold wall. EDS confirmed the compositions of the crystals. In 
Figure 6 (b) the orange region indicates nepheline, yellow is cuspidine and purple is the bulk 
glass where the Ca to Si ratio is approximately 1:1. 

Although the nepheline and cuspidine phases can both be distinguished in the SEM image, it is 
much easier to visualize the crystallization of cuspidine and nepheline using CL analysis. In 
addition, small variations in manganese oxide content in the glass can be easily observed.  
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(a) (b) 

Figure 7: CL image (a) and SEM image (b) of the crystal growth along the mold wall. In (b) 
orange is nepheline, yellow is cuspidine, and purple indicates the bulk glassy region. 

Conclusions 
Flux films have widely varying structures based on distance from the mold wall and position in 
the mold. Information on these structures can be obtained by carefully extracting flux films at the 
end of a cast sequence and analyzing their microstructure. Cathodoluminescence imaging allows 
different structures to be observed more readily than by SEM analysis. This technique makes 
variations in the content of transition metal oxides in the flux film readily visible. Flux film 
structures can also vary significantly within a funnel mold. Flux film samples from high stress 
regions in the funnel area are observed to have fracture and glass re-infiltration marks that match 
the saw tooth temperature behavior in these regions. The following specific conclusions are 
made based on these experiments: 

1. Large fluctuations in temperature on the mold side of the flux film are observed in the 
funnel region. In addition, glassy striations are observed on the mold face side of the flux 
film suggesting that the flux film repeatedly fractures, dropping the mold temperature 
sharply on initial withdrawal of the crystalline layer and then increasing temperature 
sharply when new glass infiltrates the fractured region.  Following infiltration, the mold 
temperature then drops slowly as the re-infiltrated glass ages and crystallizes. This 
mechanism explains the observed periodic saw tooth mold temperature behavior. 

2. Cathodoluminescence is a useful tool for studying flux films. It provides high resolution 
at low magnification, so phases can be easily distinguished optically and other small 
details can be observed that may have been missed  using other techniques. It provides 
better visualization the distribution and type of crystal structures than SEM analysis and 
can also be used to observe small variation in composition in the bulk glass regions. 
Therefore, use of CL in analyzing flux films is recommended. 
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Abstract

Effects of CaF2 additions to mould fluxes have been investigated from the perspective of 
radiative heat transfer reduction to design mould flux for mild cooling. Glassy and crystallised 
mould flux samples were prepared so that the basicity of CaO/SiO2 was 1 and the Fe2O3 

concentration was 1mass%, whereas the concentration of fluorine ranged between 2 and 
14mass%. The samples were analysed by SEM-EDS and XRD. The apparent reflectivities and 
transmissivities were measured using two types of spectrophotometer with an integrating sphere. 
The replacement of CaO by CaF2 gives no effect on the optical characteristics of the glassy 
samples, not leading to radiative heat transfer reduction. In contrast, the replacement affects the 
optical characteristics of the crystallised samples and also the radiative heat transfer, which
appear due to changes in the crystalline phases produced and the degree of crystallinity rather 
than the interaction between iron and fluoride irons.  

Introduction

In the continuous casting of steel, mild cooling is an effective technique to minimise surface 
defects such as longitudinal cracking, especially for medium-carbon (MC) peritectic steel grades. 
In practice, mild cooling is attained by crystallisation of the film. So far there have been two 
mechanisms of mild cooling proposed: (a) conductive heat transfer reduction due to the air gap at 
the interface between the film and the mould [1-4] and (b) radiative heat transfer reduction due to 
the increase in the reflectivity of the film [5]. More recently, Hanao et al have suggested that 
further reduction in radiative heat flux is required for high speed continuous casting because 
higher casting speed provides thinner air gaps [6]. 

Against the above background, the authors have made several studies from the viewpoint of 
radiative heat transfer reduction [7-10]. The magnitude of radiative heat flux depends on the 
optical characteristics of mould flux and thus the apparent reflectivity and transmissivity have 
been measured using a type of practical mould flux as base sample with systematic variations in 
the degree of crystallinity (the fraction of cuspidine) and the concentration of iron oxides.
Approximated calculation of radiative heat flux using the optical characteristics data has 
suggested that crystallised mould fluxes with no iron oxides can reduce radiative heat transfer 
more efficiently as a result of increased reflectivity and decreased absorptivity [7]. In actuality, 
however, it is very difficult to prepare iron oxide-free mould flux because it exists as impurity in 
raw materials. As Wang et al have suggested [9], even if iron oxide free mould flux were
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prepared, the molten flux would pick up some iron oxides during the coexistence with molten 
steel in the mould. Thus they have proposed to add reducing agents into mould flux powders. In
contrast, Kobayashi et al have proposed to decrease Fe2+ ions by controlling the basicity of 
CaO/SiO2 because FeO is known to absorb main radiation from molten steel in the near infrared 
region [10]. However, there is a concern that the increase in the basicity would affect other 
physical properties of the mould flux. 

On the other hand, the practical mould flux commonly contains CaF2 as major component. This 
compound is indispensable to form cuspidine and, at the same time, is known to decrease the 
melting temperature of mould flux. In addition, it has been pointed out that the following 
reaction can occur where CaF2 is added to molten silicate containing Na2O [11-13]:

Na2O + CaF2 CaO + 2NaF (1)

This means that replacement of CaO by CaF2 does not change the ratio of CaO/SiO2 but may 
affect the optical property of the mould flux. In addition, there is a possibility of different 
crystalline phases forming, which would also affect the optical characteristics. However, there 
have been no studies from these perspectives. Consequently, the present work aims to investigate 
effects of CaF2 on the optical characteristics of mould fluxes with systematic replacement of 
CaO by CaF2 to find conditions suitable for radiative heat transfer reduction.  

Experimental

Sample preparation
Table 1 gives the chemical compositions in 
mass% of five samples prepared for the 
present work, where CaO includes CaO 
originating from CaF2 according to Eq.(1). In 
all the samples the ratio CaO:SiO2:Al2O3: 
Na2O is approximately kept as 1:1:0.01:0.33
on a mass basis while the concentration of 
fluorine is varied in the range 2 – 14mass%. All the samples also contain 1mass% Fe2O3. The 
samples are identified by the fluorine concentration, e.g., 2mass%F is sample 2F as shown in 
Table 1.  

The samples were prepared from reagent grade SiO2, Al2O3, Na2CO3, CaF2, Fe2O3 and CaO 
powders. Weighed mixtures of these powders were melted in platinum crucibles in air at 1673 K 
for 10 min, and the melts were poured into brass moulds at room temperature to obtain glassy 
samples ~ 5 mm thick. These samples are named ‘as-quenched samples’ and denoted as 2Fq etc.
Some of as-quenched samples were heat-treated at a temperature of 933 K for 30 min for 
crystallisation. The heat-treated samples are named ‘annealed samples’ and denoted as 2Fa etc.

Characterisations and measurements
X-ray diffraction (XRD) analysis using a cobalt target was applied to identify the crystal phases
present in the samples. A scanning electron microscope with an energy dispersion spectrometer
(SEM-EDS) was applied to observe microstructures and to analyse the chemical compositions of 
the phases. SEM images were also used to evaluate the degree of crystallinity. The apparent 

Table 1 Chemical compositions of samples (in mass%)
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reflectivity (R) and transmissivity (T) were measured at room temperature using a UV
spectrophotometer and a Fourier-transform infrared (FT-IR) spectrophotometer, both having
integrating spheres.  

Results

Sample Characterisation
Table 2 summarises the phases observed in 
each sample. Sample 2Fq contained un-melted 
grains of CaF2 but the most parts were glassy. 
Samples 5Fq, 8.3Fq and 11Fq were glassy and 
coloured green. In contrast, sample 14Fq was 
coloured greenish white and crystallised just 
after being quenched. After heat treatment for 
crystallisation, samples 8.3Fa and 11Fa were 
crystallised and coloured milky white, and 
sample 14Fa also became milky white and 
more crystallised; there were little changes in 
samples 2Fa and 5Fa. In the present work, for convenience, samples 5Fq, 8.3Fq and 11Fq fall into
‘glassy samples,’ and samples 14Fq, 8.3Fa, 11Fa and 14Fa into ‘crystallised samples’. 

Figure 1 shows XRD profiles for crystallised samples 8.3Fa, 11Fa, 14Fa and 14Fq.  It can be seen 
from this figure that samples 8.3Fa and 11Fa contain only a cuspidine phase as crystalline phase, 
whereas sample 14Fq contains only a CaF2 phase; in addition, sample 14Fa contains both. 

Figure 2 shows SEM images for the crystallised samples. Crystalline grains in samples 8.3Fa and 
11Fa are cuspidine, and “flower-like” crystalline grains in sample 14Fq are CaF2. Both crystalline 
grains are seen in sample 14Fa. These SEM images have been digitized to evaluate the degree of 

Table 2 Phases observed in samples

Figure 1XRD profiles for samples containing 
crystalline phases, : CaF2

(Co K radiation)

Figure 2 SEM images of samples containing crystalline 
phases

8.3Fa 11Fa

14Fa 14Fq
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crystallinity from the area fraction, resulting in 73% for 8.3Fa, 71% for 11Fa, 56% for 14Fa and 
27% for 14Fq on a volume basis. In addition, SEM-EDS results have suggested that iron ions 
tend to be concentrated into the glassy phase rather than into cuspidine and CaF2 phases for
samples 8.3Fa, 11Fa, 14Fa and 14Fq.

Optical characteristics
Figures 3(a), (b) and (c) show the apparent reflectivities, transmissivities and absorptivities of the 
as-quenched samples. It can be seen that there are gaps between the corresponding spectra above 
and below 2600 nm in wavelength because the measurements were made by two types of 
spectrophotometer. The reflectivities of silicate glasses are generally about 5% and thus the 
spectra below 2600 nm are quantitatively more reliable, which will be used for calculation of 
radiative heat flux. It can be seen from the figures that all the as-quenched samples commonly 
exhibit strong absorptions (i) below 500 nm, (ii) around 1000 nm, (iii) around 3000 nm, (iv) 
above 4500 nm and (v) above 10000 nm [14-16]. At wavelengths higher than 4500 nm all the 
samples show roughly zero transmissivity and almost the same values in reflectivity and 
absorptivity. At wavelengths lower than 2600 nm sample 14q has the highest reflectivity and the 
lowest transmissivity in the as-quenched samples, which is because this sample was partly 
crystallised to form CaF2 even in as-quenched condition.
In addition, sample 2Fq contained un-melted CaF2

particles. 

Hence focus on the absorptivity spectra for the glassy 
samples. Figure 3(c) has also shown that there is no 
distinct movement of the absorption edge below 500 nm.
On the contrary, Hayashi et al have studied the 
relationship between basicity and the absorption edge in 
Fe2O3-CaO-SiO2 and Fe2O3-Na2O-SiO2 glasses and 
found that this absorption edge shifts to higher 
wavelengths with increasing basicity. [17] Thus, the 
replacement of CaO by CaF2 in the present work does 
not affect the basicity. 

Next focus on the absorption around 1000 nm for 
samples 5Fq, 8.3Fq and 11Fq. This absorption peak 
wavelength as well as its absorptivity value does not 
depend upon the fluorine concentration very strongly. 
Generally, Fe2+ ions take six oxide ions as ligands in 
silicates, which causes strong absorption around 1000 
nm due to the d-d transition. If the replacement of CaO 
by CaF2 changed oxide ions as ligands to fluoride ions, 
the magnitude of absorptivity would depend upon the 
fluorine concentration and the absorption peak 
wavelength might also be moved due to the change in 
ligand field strength. However, there are no such signs 
in Figure 3(c). Accordingly, it is assumed that fluoride 
ions are not bound to iron ions. This supposition is 

Figure 3 (a) reflectivity, (b) transmissivity and 
(c) absorptivity for as-quenched samples
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consistent with the finding that iron ions tend to be 
concentrated into the glassy phase rather than the 
fluoride phases. In addition, Iwamoto et al have also 
studied chemical states of Fe3 in xCaF2-(1-x)CaO
SiO2 glass (0 x 0.3) using electron spin resonance 
spectroscopy and suggested that Fe3+ - O - Fe3+ bonds 
are formed more easily than Fe3+ - F - Fe3+ bonds [18], 
which also supports the above supposition. 

Figures 4(a), (b) and (c) show the apparent 
reflectivities, transmissivities and absorptivities of the 
annealed samples. It can be seen that for the 
crystallised samples, especially 8.3Fa and 11Fa, the 
reflectivities are increased greatly and the 
transmissivities become roughly zero compared with 
those before heat treatment. This would be due to 
enhanced scattering by crystalline grains. At 
wavelengths lower than 2600 nm the crystallised 
samples have various values of the optical 
characteristics, whereas at higher wavelengths all the 
samples show roughly zero transmissivity and almost 
the same values in reflectivity and absorptivity.

Discussion

The total radiative heat flux across the mould flux 
film has been calculated using the optical 
characteristics in the present work on the basis of the 
model in the previous report [8]. This model 
assumes that the mould flux film consists of 
molten phase and solid phase layers, and the 
radiative heat flux (I) which may reach the 
mould across the mould flux film is derived as

I = [radiative energy transmitted through solid
flux]
+ [radiative energy absorbed by solid flux]
– [radiative energy absorbed by steel shell]

Figure 5 shows the total calculated radiative 
heat flux (ITotal) as a function of the fluorine 
concentration for the as-quenched samples,
where it is assumed that the present system 
reaches a steady state and that the interface 
temperature between steel and molten flux is 
1800 K and that between molten and solid fluxes is 1400 K [8]. The total calculated radiative 
heat flux for glassy samples 5Fq, 8.3Fq and 11Fq is about 3.20 105 Wm-2 and does not depend 

Figure 4 (a) reflectivity, (b) transmissivity 
and (c) absorptivity of annealed samples

Figure 5 Total calculated radiative heat flux (I
Total

)

as function of fluorine concentration for as-
quenched samples (See the text about the boundary 
conditions)
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on the fluorine concentration. This corresponds 
to the experimental finding that there are no
distinct differences in the optical characteristics 
of these samples, as shown in Figure 3. In 
contrast, samples 2Fq and 14Fq exhibit smaller 
values of ITotal because these two samples 
contained un-melted and precipitated CaF2

grains. Thus, additions of CaF2 do not affect 
the total radiative heat flux for glassy samples
directly but indirectly affects via the presence 
of crystalline grains depending on the additive 
level.

Figure 6 shows the total calculated radiative 
heat flux (ITotal) as a function of the fluorine
concentration for annealed samples 8.3Fa, 11Fa

and 14Fa. The heat flux value ranges from 2.2
105 to 2.3 105 Wm-2 and shows a slight 

increase with increasing fluorine concentration.
Comparison between Figures 5 and 6 indicates 
that the value for sample 14Fa is smaller than 
that for sample 14Fq. These two samples have 
the same fluorine concentration but different 
degrees of crystallinity. Accordingly, it is 
likely that the slight increase in the total 
calculated radiative heat flux in Figure 6 would 
be due to the degree of crystallinity rather than 
the fluorine concentration itself.

Figure 7 shows the total calculated radiative 
heat flux (ITotal) as a function of the degree of crystallinity for samples 8.3Fa, 11Fa, 14Fa and 14Fq

in comparison with the data reported for mould fluxes with and without 1mass% iron oxides [8],
where the diameter of cuspidine grains is given for information. The data obtained in the present 
work seem to fall on a single straight line, irrespective of the type of crystalline phase produced,
and the reported data for mould fluxes containing 1mass% iron oxides also fall down near the 
line. Accordingly, it is an important factor to increase the degree of crystallinity to reduce the 
total radiative heat flux.

Now consider the main factor to reduce the total radiative heat flux by crystallisation. 
Comparison between Figures 3 and 4 indicates that crystallisation of samples 8.3Fa, 11Fa, 14Fa

causes the reflectivity to increase and the transmissivity to decrease to a large extent: the 
reflectivity and the transmissivity are complementary; in contrast, the change in absorptivity is 
not significant. Namely, it is likely that produced crystalline grains increase scattering of light at 
the interface between grains and the matrix, leading to the increase of reflectivity and the 
decrease of transmissivity. Accordingly, it is relevant to consider how to increase the reflectivity 

Figure 6 Total calculated radiative heat flux (I
Total

)

as function of fluorine concentration for annealed 
samples

Figure 7 Total calculated radiative heat flux as 
function of degree of crystallinity, where d
represents the average diameter of cuspidine grains

332



to reduce radiative heat transfer. This discussion is possible on the basis of Eq.(2) which 
expresses the reflectivity.

R = [(n1 – n2)
2 + (k1 – k2)

2]/ [(n1 + n2)
2 + (k1 + k2)

2] (2)

where n and k are the refractive index and the extinction coefficient and the subscripts 1 and 2 
represent two media such as grains and the matrix.

The value of refractive index has been reported to be 1.590-1.602 (589 nm) for cuspidine by 
Larsen and Berman [19], 1.4338 (589 nm) and 1.429 (633 nm) for CaF2 by Malitson [20] and 
Firoz et al [21], respectively, and 1.57-1.60 (589 nm) for mould flux by Susa et al [22].
Assuming ncuspidine = 1.60, nCaF2 = 1.43 and nmatrix = 1.58 and that the extinction coefficients are 
negligible, the value of R has been derived as 4.0x10-5 for cuspidine and 2.5x10-3 for CaF2. These 
values are for single reflection at the interface and thereby are not in agreement with the values 
of Ra in Figure 4 for the crystallised samples, in which multiple reflections occur at the interface. 
Nevertheless, it would be true that CaF2 grains scatter light more efficiently than cuspidine.
Hence the difference between refractive indices is a crucial factor. On the contrary, Figure 7 has 
shown that cuspidine is more useful for radiative heat transfer reduction, which would be 
because these samples containing cuspidine have higher degree of crystallinity. Consequently, in 
order to further reduce radiative heat transfer, it would be required to design mould flux so as to 
have higher degree of crystallinity as well as greater difference between refractive indices of 
crystalline grains and the matrix.  

Conclusions

1) The replacement of CaO by CaF2 gives no effect on the optical characteristics of the glassy 
samples, not leading to radiative heat transfer reduction. In addition, it is supposed that fluoride 
ions do not exist adjacent to iron ions, which tend to be concentrated into the glassy phase rather 
than into CaF2 and cuspidine.
2) The replacement of CaO by CaF2 affects the optical characteristics of the crystallised samples 
and also the radiative heat transfer; however, this effect would be due to the changes in 
crystalline phases produced and the degree of crystallinity.
3) To further reduce the radiative heat transfer by controlling the optical characteristics, it would 
be important to increase the degree of crystallinity of mould flux as well as to enhance the 
difference between refractive indices of crystalline grains and the matrix.  
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Abstract

Most of the commercial mould fluxes contain fluorides which bring about serious environmental 
problems. The major challenge in the application of fluorine-free mould fluxes is to control the 
heat transfer from the strand to copper mould which is closely related to crystallisation 
behaviour. In this study, the effects of Na2O on the crystallisation behaviour and heat transfer of 
CaO-SiO2-Na2O-B2O3-TiO2-Al2O3-MgO-Li2O mould fluxes were investigated using single 
/double hot thermocouple technique (SHTT/DHTT) and infrared emitter technique (IET), 
respectively. Continuous cooling transformation (CCT) and time-temperature transformation 
(TTT) diagrams constructed using SHTT showed that the increase of Na2O concentration led to 
higher critical cooling rate and shorter incubation time. The crystallisation behaviour in a thermal 
gradient was examined using DHTT. The heat flux measured by IET showed that the increase of 
Na2O concentration decreased the heat flux when Na2O was lower than 9 mass% but the further 
increase of Na2O raised the heat flux. The relationship between flux crystallisation and heat 
transfer was also discussed.

Introduction

Mould fluxes serve essential roles in continuous casting of steel, such as lubrication, heat transfer 
control, thermal insulation, inclusion entrapment, etc[1]. Uneven heat withdrawal across the 
continuous casting mould is likely to cause cracking defects on the surface of steel products, 
especially, in the case of the peritectic steel casting which undergoes the - -Fe 
transformation during solidification with 4% volumetric shrinkage. In practice, mould fluxes 
with high crystallisation tendency are favoured in the casting of cracking-sensitive steel since the
thick crystalline flux layer formed between strand and copper mould suppresses radiative heat 
transfer[2]. Radiation is scattered by grain boundaries; its transfer is impeded by pores, cracks and 
air gaps formed as a consequence of the formation of crystalline flux layer. Currently, most of 
commercial mould fluxes contain fluorides, e.g. CaF2, NaF, etc., to ameliorate lubricity of liquid 
flux layer and control heat transfer rate across the crystalline flux layer through the precipitation 
of cuspidine (Ca4Si2O7F2) 

[3]. However, pollutive emission of fluorides during casting operation
causes environmental concern and corrosion of the cooling system of casters[1].  Therefore, the 
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development of fluorine-free mould fluxes has become a focus of research in steelmaking in
recent years.  

Among potential substitutes for cuspidine in  fluorine-free  fluxes  are Ca11Si4B2O22
[4-6],

Ca2Si3Na2O9
[7], CaSiTiO5

[8], and other compounds. Na2O has been proved to be an important 
component that significantly affects the performance of fluorine-containing mould fluxes[4, 9]. It
is considered to be an essential component for the fluorine-free mould fluxes. In this study, the
influence of Na2O on the crystallisation behaviour and heat transfer of CaO-SiO2-Na2O-B2O3

based fluorine-free mould fluxes is investigated using hot thermocouple technique (HTT) and 
infrared emitter technique (IET), respectively. The aim of this study is to build a deeper 
understanding of the role of Na2O in fluorine-free flux system and pave the way for the design of 
eco-friendly mould fluxes.

Experimental

2.1 Sample preparation 

In present study, the fluorine-free mould fluxes were prepared by melting pre-mixed reagent 
grade CaCO3, SiO2, Al2O3, B2O3, Na2CO3, TiO2, MgO and Li2CO3 min. The 
melted fluxes were quenched onto a copper plate and then ground into powders. Measured 
chemical composition of the prepared fluorine-free fluxes is listed in Table I. Typical chemical
compositions of two fluorine-containing industrial mould fluxes for low-carbon (LC) steel and 
medium-carbon (MC) steel casting are also listed in this table.

Table I Chemical composition of mould fluxes with different Na2O concentration (mass%).
Sample CaO SiO2 Al2O3 B2O3 Na2O TiO2 MgO Li2O F

1 40.8 37.3 3.6 6.3 5.0 4.2 2.2 1.0 0
2 39.5 35.7 3.6 6.7 7.2 4.2 2.1 1.1 0
3 38.3 34.7 3.7 6.8 8.7 4.2 2.3 1.1 0
4 37.8 34.2 3.6 6.7 11.0 4.3 2.2 1.0 0

LC[10] 34.5 37.5 3.0 - 12.5 - 2.5 0.5 8.5
MC 43.5 30 3.8 - 6 - - - 10

2.2 A study of crystallisation behaviour of fluxes

The crystallisation behaviour of mould fluxes was investigated by single hot thermocouple 
technique (SHTT) and double hot thermocouple technique (DHTT) developed by Kashiwaya et 
al.[11, 12]. The schematic setup of the HTT was described elsewhere[10-12]. SHTT simulated the 
high cooling rate that mould fluxes encounter in the infiltration process[11]. The mould flux 
sample (ca. 10 mg) was mounted on the tip of B-type thermocouple, and heated or cooled in 
accordance with the programmed temperature profiles. The crystallisation process was in-situ 
observed and recorded by a video camera. The CCT and TTT diagrams were constructed using 
SHTT in continuous cooling and isothermal experiments whose temperature profiles are given in 
Figures 1(a) and 1(b), respectively. In the continuous cooling experiments, a sample was first 
heated up to 1500°C and held for 3 min to homogenise composition. Then, it was cooled down to 
800°C with different pre-set cooling rates. The time and temperature at which the crystallinity of 
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mould fluxes reached 0.5 vol% were used to construct CCT diagrams[12]. In isothermal 
experiments, the mould fluxes were rapidly quenched to different pre-set temperatures after high 
temperature homogenisation and held isothermally at the target temperatures. The times at which
crystallinity of mould fluxes reached 0.5 vol% and 99 vol% were used for the construction of 
TTT diagrams. The precipitated phases at 900°C and 1000°C were analysed using X-ray 
diffraction (XRD). 

Crystallisation evolution of mould fluxes in a simulated thermal field was investigated in DHTT 
experiments, of which the temperature profile is shown in Figure 1(c). A liquid flux film with a 
length of 1.5 mm was created between two thermocouples when both of the thermocouples were 

one thermocouple (CH-1) was quenched to 
600°C, whilst the other thermocouple (CH-2) was kept at 1500°C. Considering the decreasing
cooling rate when the temperature of CH-1 was approaching 600°C, a start time in the DHTT 
experiment was defined when the tangent to the initial cooling path was intersected by the 
isothermal temperature line[6].  

2.3 Infrared emitter technique

The heat flux measurements were carried out using infrared emitter technique (IET) developed at
Carnegie Mellon University. The schematic layout of IET was presented in previous papers[13, 14]. 
A polished flux disk with a thickness of 4 mm was placed on the brass base in which four 
thermocouples were embedded to record temperatures. Infrared radiation was emitted from the 
heating lamp to the flux disk. The radiation intensity was adjusted by the applied voltage. The 
power profile of IET is presented in Figure 1(d). The system emitted thermal radiation up to 1.6 
MW/m2, which is close to the radiation emitted from the steel strand in continuous casting. The 
responding temperatures recorded by the thermocouples were converted to heat flux for the 
evaluation of radiative heat transfer. The calculated heat flux across different mould flux films 
was compared with that across industrial flux disks. 

Figure 1 Schematic temperature profiles in (a) continuous cooling experiments; (b) isothermal 
experiments; (c) DHTT experiments; and power profile in (d) IET tests. 

Results and discussion

3.1 Effect of Na2O on crystallisation behaviour of mould fluxes 

The CCT diagrams of mould fluxes with Na2O content varying from 5 to 11 mass% are shown in 
Figure 2. Three parallel measurements were carried out for the determination of crystallisation 
temperatures at each cooling rate. For all fluxes, the crystallisation temperature at which the 
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crystallinity reached 0.5 vol% decreased with increasing cooling rate; for example, the 
crystallisation temperature of Sample 1 decreased from 1095 to 923°C as cooling rate raised 
from 0.1°C/s to 1°C/s. The critical cooling rate, above which crystallisation was not observed,
raised from 1°C/s to, 2, 20 and 30°C/s when Na2O content increased from 5 mass% to 7, 9 and
11 mass%, respectively. The crystallisation temperature averaged out from three measurements
at each cooling rate also increased with increasing Na2O content. At a fixed cooling rate of 
1°C/s, the crystallisation temperature increased from 923°C when Na2O content was 5 mass% to
1264°C when Na2O increased to 11 mass%.  

Figure 2 CCT diagrams of mould fluxes: (a) Sample 1: Na2O = 5 mass%; (b) Sample 2: Na2O = 
7 mass%; (c) Sample 3: Na2O = 9 mass%; (d) Sample 4: Na2O = 11 mass%.

TTT diagrams of mould fluxes with Na2O content ranging from 5 to 11 mass% are given in 
Figure 3. Part of the end of crystallisation curve of Sample 1 is not given in Figure 3(a) since the 
crystals became translucent when temperature was higher than 1000°C, which made it 
impossible to determine the crystallised area when crystallisation proceeded. The shortest 
incubation time decreased and highest crystallisation temperature increased with increasing 
Na2O content in fluxes, from 190 s and 1100°C for fluxes with 5 mass% Na2O, to 47 s and
1125°C for 7 mass% Na2O, to 1 s and 1150°C for 9 mass% Na2O, and to almost 0 s and 1300°C 
for 11 mass% Na2O. 

Figure 3 TTT diagrams of mould fluxes: (a) Sample 1: Na2O = 5 mass%; (b) Sample 2: Na2O = 7 
mass%; (c) Sample 3: Na2O = 9 mass%; (d) Sample 4: Na2O = 11 mass%.

Figures 2 and 3 demonstrate that the addition of Na2O enhanced crystallisation tendency of 
mould fluxes, especially when Na2O content was higher than 9 mass%. The addition of Na2O
tends to break Si-O bonds in the SiO4

4- tetrahedral network, forming non-bridging oxygens 
(NBOs) as a network modifier. As the mobility of ions is promoted in such depolymerised 
silicate melts, it reduces the initial viscosity of flux melts and consequently the kinetic barrier for 
nucleation and crystal growth. Therefore, the increase of Na2O raised the critical cooling rate and 
shortened the incubation time in continuous cooling and isothermal experiments. The role of 
Na2O as a network modifier in the fluorine-free mould fluxes is similar to that in the fluorine-
containing mould fluxes[4]. The maximal cooling rate in the meniscus zone in the industrial 
casting is expected to be 20 °C/s; therefore Samples 3 and 4 are expected to crystallise directly 
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from the molten state. It makes them favourable in casting cracking-sensitive steel which 
requires heat transfer suppression once strand starts solidification.

Precipitated phases of mould fluxes treated at 900°C and 1000°C were determined by XRD as
shown in Figure 4. CaSiO3 was the dominant phase in the mould fluxes with 5 mass% Na2O at 
900°C (Figure 4(a)). Minor precipitates of Ca11Si4B2O22, Ca2MgSi2O7, and CaTiO3 were also 
found in the XRD patterns. The precipitation of CaSiO3 gradually diminished as Na2O increased 
and vanished when Na2O content reached 11 mass%, whilst the precipitation of Ca11Si4B2O22,
Ca2MgSi2O7, CaTiO3 was promoted. Both Ca11Si4B2O22 and Ca2MgSi2O7 became the dominant 
phases when Na2O content was 11 mass%. Ca2Si3Na2O9 was also detectable when the Na2O
content was higher than 9 mass%.

The phase composition of mould fluxes treated at 1000°C is shown in Figure 4(b). CaSiO3 also 
dominated the precipitates in the mould fluxes with low concentration of Na2O. The variations of 
Ca11Si4B2O22, CaTiO3 and Ca2Si3Na2O9 with the increase of Na2O were similar to the cases at 
900°C. However, Ca2MgSi2O7 was absent in all the samples treated at 1000°C and Ca2Si3Na2O9

was only detected in Sample 4.

Figure 4 XRD patterns of mould fluxes with varied Na2O contents at (a) 900°C and (b) 1000°C.

The crystallinity evolution of mould fluxes under a temperature gradient of 1500°C to 600°C is
shown in Figure 5. The crystallisation behaviour of Sample 1 (Na2O = 5 mass%) is indicated in 
Figures 5(a1) to 5(a4). Small spherical crystals were formed between 900 s to 1200 s and 
gradually developed into a clear crystalline layer. Sample 2 started crystallisation much earlier 
than Sample 1 as a number of nuclei were developed in the middle of flux film as shown in 
Figure 5(b1). Crystals grew rapidly and formed a distinct crystalline layer after 600 s. Sample 3 
started crystallisation once CH-1 reached isothermal stage. Crystals started to precipitate before
10 s and propagated to low temperature area at a fast growth rate. Crystallisation reached a 
relatively stable state with a thick crystalline layer before 300 s. Crystallisation of Sample 4 
occurred even before it reached the isothermal stage. But unlike the small primarily precipitated 
crystals in other Samples, the crystals formed in Sample 4 appeared in large equiaxed 
morphology with high mobility as shown in Figure 5(d1). Crystals grew to low temperature side 
promptly. Some of the equiaxed crystals formed in the liquid layer or the weak part of the 
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crystalline layer torn apart from the crystalline layer were driven to the high temperature region 
by Marangoni convection flow easily in this sample and finally melted.

Figure 5 Crystallisation of mould fluxes in the DHTT experiments: (a1) to (a4): Sample 1 at 900 
s, 1200 s, 1500 s and 1800 s; (b1) to (b4): Sample 2 at 300 s, 600 s, 900 s and 1200 s; (c1) to 

(c4): Sample 3 at 10 s, 60 s, 300 s and 600 s; (d1) to (d4): Sample 4 at 10s, 60 s, 300 s and 600 s.

3.2 Effect of Na2O on the heat transfer of mould fluxes

The calculated heat flux through the mould flux disks is given in Figure 6. As the incident 
radiation increased in accordance with Figure 1(d), the responding heat flux increased
accordingly. As seen in Figure 6(a), the average responding heat flux at the incident radiation of 
1.6 MW/m2 dropped from 743 kW/m2, to 677 and 595 kW/m2 with increasing Na2O content
from 5 to 9 mass%, but a further increase of Na2O increased the heat transfer rate to 641 kW/m2.
Sample 3 (9 mass% Na2O) was closest to the fluorine-containing industrial mould fluxes under 
the same incident radiation intensity as shown in Figure 6(b).

Figure 6 (a) Heat flux of mould fluxes; (b) Comparison of the heat flux of fluoride-free mould 
fluxes and industrial fluxes under the incident radiation of 1.6 MW/m2.
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Generally speaking, the increase of crystallisation tendency restrains heat transfer across mould 
fluxes[2, 15, 16]. The heat flux was expected to decrease with the addition of Na2O since 
crystallisation tendency of mould fluxes increased. Indeed, the heat flux decreased with 
increasing content of Na2O from 5 to 9 mass%, but a further increase in the Na2O slightly 
increased the heat flux across flux disk. This phenomenon may result from the morphology of 
crystals. The promotion of crystallisation became less significant when Na2 But 
large equiaxed crystals that emerged in the vicinity of the liquid/crystalline interface of Sample 4 
with 11 mass% Na2O had a relatively high mobility (Figure 5(d1)) and were easily driven by 
Marangoni flow. Therefore, the newly-formed crystals could hardly grow from crystalline layer 
close to the liquid side, which made the formation of stable crystalline layer difficult in the initial 
solidification. As shown in Figure 7, the fraction of crystalline layer of Sample 4 was slightly
lower than Sample 3 in the first a few minutes as stable growth of crystalline phase in Sample 4 
was impeded by the convection flow compared with Sample 3. Such crystallisation behaviour 
can explain the increase in the heat flux when Na2O content increased from 9 to 11 mass%. 

Figure 7 Fraction of crystalline layer as a function of time in the DHTT experiments.

Conclusions 

The crystallisation behaviour and heat transfer of mould fluxes of the CaO-SiO2-Na2O-B2O3-
TiO2-Al2O3-MgO-Li2O system with different Na2O content were investigated using SHTT, 
DHTT, XRD, and IET. The major findings of this study are summarised below: 
(1) CCT and TTT diagrams showed that the increase of Na2O content raised the critical cooling 
rate and shortened the incubation time of mould fluxes, suggesting an increasing crystallisation 
tendency; 
(2) XRD results indicated that with the increasing amount of Na2O, the dominant phase changed 
from CaSiO3 to Ca11Si4B2O22. Ca2MgSi2O7 was a major phase in the mould fluxes with high 
Na2O content at 900°C but it was not observed at 1000°C;
(3) According to the heat flux measured by IET, Sample 3 had the lowest responding heat flux of 
595 kW/m2, which is closest to the industrial fluorine-containing fluxes.  
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Abstract 
 
Carbon is easily picked up on the slab surface from the mold flux in the ultra low carbon steel 
(ULCS). We were trying to find ways to prevent the C-pickup in ULCS. Naturally, we were 
interested in the C-pickup with slag pool thickness. When the slag pool thickness was increased 
up to about 30mm, C-pickup on the slab was dramatically decreased and the deviation in the 
width direction of the C-pickup was also decreased. However, even if the slag pool thickness 
was thicker, C-pickup was increased when slag bear was formed. More details will be discussed 
in the paper. 
 

Introduction 
 
Carbon-pickup (C-pickup) on the slab surface is one of major surface quality issues in the ultra 
low carbon steel (ULCS) causing a black band in the hot rolling. Study on the C-pickup has been 
in progress since the 1980’s [1] and the main mechanism of C-pickup for ULCS is well known to 
be due to contact with unmelted mold flux or enriched carbon layer of mold flux during the 
continuous casting [1-5]. The best way to avoid the C-pickup on the surface of as-cast slab does 
not use a free carbon which is an important factor for controlling the melting rate of the mold 
flux. Because the use of carbon in the mold flux is inevitable, it has suggested ways to minimize 
C-pickup. By adding MnO2 in the mold flux as an oxidizing agent, casting trials showed 50% 
reduction in C-pickup compared with the case of MnO2-free mold flux [3]. On the other hand, 
recarburization of a solidified shell was reduced by replacing carbon to Si3N4 in the mold flux [4-

5]. In other words, it is possible to reduce recarburization of the shell by using less carbon or 
increasing the thickness of slag pool. In addition, recarburization of the shell was reported to 
occur within 2mm from the surface of as-cast slab. In this study, an examination on how the 
recarburization of the shell occurs at ULCS in the conventional powder casting is presented, then 
comparison of the recarburization of a shell of new casting method having a thick slag pool 
thickness with that of a conventional method is considered. 
 

Experimental 
 
To analyze the C-pickup effect on the slab surface, ULCS casting through two strand caster 
using, not only a molten slag, but also a conventional powder at the same time in Gwangyang 
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Steelworks, POSCO. Molten slag was prepared from the outside of the mold and it is freely 
adjustable thickness of the slag pool. The apparatus using the LNG gas was used as a melting 
device for melting mold flux. Casting conditions and Mold flux specification are listed below. 
 
Table 1. Casting conditions for experiments 

 
 
Table 2. Mold flux specification 

 
Flux B was applied to the new molten mold flux feeding method. After the casting, chips were 
made by every 1mm depth from the surface of slab for the carbon analysis. Chips were collected 
in pairs in all positions as shown in Fig.1. Especially, chips were sampled at the same depth from 
the center of the slab symmetrically. Carbon analysis was characterized by LECO CSLS600 
carbon/sulfur determinator. 
 

 
Figure 1. Chip manufacturing schematic. 
 

Results and discussions 
 
There are two ways to reduce the recarburization of the shell as mentioned above. One is to 
reduce the amount of carbon in the mold flux, and the other is to increase the thickness of slag 
pool, and the latter method is applied to reduce the recarburization of the shell in this study. 
Since molten mold flux is continuously fed into the mold it can freely adjust the thickness of slag 
pool. To increase the slag pool thickness, the new molten mold flux feeding technology is used.  
In order to compare the C-pickup of the shell between the conventional powder casting and the 
new molten mold flux casting, a ULCS containing 0.001% carbon was cast in Gwangyang 
Steelworks POSCO. The two strand commercial caster, which had a 250ton ladle, was used for 
the casting trials. The conventional powder casting and the new molten mold flux casting were 
cast in the same heat for direct comparison of C-pickup. The thickness of slag pool was 
approximately 10mm for a conventional powder casting and it was about 30mm thick enough for 
the new molten mold flux casting. 
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Figure 2 shows the carbon content on the inside slab surface (a), the center (b), and the outside 
slab surface (c) when the conventional powder casting is applied. Figure 2(b) indicates a 
segregation of carbon at the center. A bulk value of carbon can be determined except for the 
value of 1mm depth from the center. The bulk value of carbon for as-cast slab is 0.001%. Figure 
2(a) and Figure 2(c) show carbon pickup on the surface of as-cast slab. The maximum C-pickup 
occurred at the 1mm deep from the surface. The depth is deeper as the amount of C-pickup was 
smaller. Interestingly, C-pickup occurred even at 5mm depth from the surface of as-cast slab. In 
addition, the amount of C-pickup was different in the width direction. In the case of conventional 
powder casting with slag pool of 10mm thick, C-pickup takes place non-uniformly depending on 
the thickness and the depth. 
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Figure 2. C-pickup on a surface of as-cast slab in the conventional powder casting at the same 
trial heat. 
 
Figure 3 shows the carbon content of the inside surface (a), the center (b), and the outside surface 
(c) of as-cast slab when the new molten mold flux casting is applied. Figure 3(b) indicates a 
segregation of carbon at the center as shown in Figure 2(b). The bulk value of carbon for as-cast 
slab is 0.00096%. Surprisingly, C-pickup did not occur in the new molten mold flux casting. The 
small C-pickup occurred only 1mm depth from the surface. 1.4ppm C-pickup occurred at R400 
in inside surface. In the new method with slag pool of 30mm thick, C-pickup rarely happens on 
the shell. The slag rim on the mold wall was not observed in both strands. From this casting trial, 
it is obaserved that C-pickup can be minimized by maintaining a sufficient slag pool with 30mm 
thick. 
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Figure 3. C-pickup on a surface of as-cast slab in the new molten mold flux casting at the same 
trial heat 
 
Figure 4 shows carbon content in different molten mold flux feeding trial. Bulk carbon is 
0.0018% as shown in Figure 4(b). Despite the thick slag pool thickness, maximum C-pickup 
occurs 7ppm at L400 in outside surface. Nevertheless, C-pickup of shell is still less than that of 
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the conventional powder casting. In this molten mold flux feeding trial, slag rim on mold wall 
was generated. Recarburization of the shell is thought to be the cause of slag rim generation. 
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Figure 4. C-pickup of a surface of as-cast slab in another new molten mold flux casting trial 
 
Figure 5 shows slag rim formed in the test trial. The arrow tip indicates the surface of mold wall 
as shown in Figure 5(a). The size of slag rim is 15mm thick and 40mm long. Slag rim are 
composed of molten slag, unmelted powder, and carbon black. EDS image shows the granular 
type of materials trapped in the slag rim. EDS analysis also showed the same results as shown in 
Figure 5(b). 

 
Figure 5. Optical microscopic image (a) and electron microscopic image of slag rim 
 

Conclusion 
 
In the case of conventional powder casting with slag pool of 10mm thick, C-pickup takes place 
non-uniformly depending on the thickness and the depth. C-pickup occurred even at 5mm depth 
from the surface. On the other hand, when the slag pool thickness was increased up to about 
30mm, C-pickup rarely happens on the shell. However, C-pickup occurred a little at the 1mm 
deep from the surface when the slag rim is formed. 
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Abstract 

When casting peritectic steel grades, control of heat transfer from the steel shell is critical for 
minimising surface defects. Cuspidine (3CaO.2SiO2.CaF2) is the preferred crystal phase to 
control horizontal heat flux, due to its high crystallisation temperature and low incubation 
time. However, the presence of fluoride creates environmental and operational problems. 
Research into fluoride-free mould powder for peritectic steel grades has still to yield a fully 
effective substitute. 

This research has investigated whether horizontal heat flux in the mould can be controlled by 
manipulating the interface between the copper mould plate and the slag film. Calculations 
estimate that the removal of fluoride will decrease the total thermal resistance between the 
mould and strand by 28%. Results show that interfacial thermal resistance can be increased by 
the techniques developed, with one technique meeting and exceeding the requirements to 
replace fluoride in terms of thermal resistance needs for peritectic steel grades. 

Introduction 

When casting steel grades in the peritectic range it is critical to control the horizontal heat flux 
from the steel shell in order to minimise longitudinal crack defects. In practice, horizontal 
heat flux in the upper mould is controlled by the properties of the mould flux; the key 
property being mould flux crystallinity [1-4]. In order to produce the desired crystallinity, 
fluoride is added to the mould powder composition to precipitate cuspidine 
(3CaO.2SiO2.CaF2). Unfortunately, this creates environmental and operational problems due 
to evaporation of volatile compounds and leaching of fluoride into secondary cooling water. 

Previous research into fluoride free mould powder for peritectic steel grades has highlighted 
the potential of TiO2 crystal phases in terms of a crystallisation temperature that matches 
cuspidine [5-7]. However, the use of TiO2 comes with operational problems from the 
formation of high melting point compounds such as TiN and TiC in the slag pool that inhibit 
the infiltration of liquid slag into the mould strand gap [8]. The use of other mould powder 
components, such as CaO and Na2O, to replace fluoride have also encountered issues due to a 
lower crystallisation temperature than cuspidine [9, 10]. 

An aim of this work was to assess whether heat flux can be controlled by directly 
manipulating the mould flux film and the interfacial gap. This arose from the idea that heat 
flux could be controlled by deliberately introducing porosity into the mould-strand gap [11] 
and would allow for the use of mould powders with low or even zero fluoride content. It has 
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been calculated by the author that the removal of fluoride from a mould flux would decrease 
the total thermal resistance from strand to mould by 0.38 m2.K.kW-1 [12]. A successful 
technique must therefore increase thermal resistance by a similar amount for application with 
fluoride free mould powder casting. 
 
It is thought that the required increase in thermal resistance could be achieved by use of 
coatings between the copper mould plate and the mould flux film [13]. The selected coatings 
would decompose under exposure to heat from the molten flux and create a thermal barrier of 
porosity in the interfacial gap. This paper looks at the effect of magnesium carbonate and 
waterglass based coatings on interfacial thermal resistance using laboratory scale equipment. 
 

Experimental 
 

Equipment 
 
In order to test the thermal performance of the various coatings, a steady state thermal 
conductivity device was used and can be seen in Figure 1. By assuming a constant 
temperature gradient through each material, as in Figure 2, it is possible to calculate the 
interfacial thermal resistance, Rint. 

Figure 1. Schematic of thermal conductivity device               Figure 2. Schematic of temperature gradient 
 
Sample preparation 
 
All mould flux samples used to measure interfacial thermal resistance were prepared directly 
into the thermal conductivity device. This was to give a comparable interfacial thermal 
resistance to mould flux quenched on the surface of a continuous casting mould during 
operation. 
 
To create the desired coating, a given volume of coating solution was evenly spread over the 
upper surface of the copper and left for a minimum of 12 hours to dry. The different coating 
solutions and volumes used can be seen in Table I. Waterglass (Na2SiO3·nH2O) was selected 
for its intumescent properties and magnesium carbonate (MgCO3) was selected for its low 
decomposition temperature (350 °C) compared with other carbonates. Lithium carbonate 
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(Li2CO3) and calcium carbonate (CaCO3) were also trialled at a preliminary stage, but showed 
poor gas evolution when exposed to molten mould flux. 
 

Table I. List of coating solutions used during investigation 
Solution Concentration Gas Evolved Test 1 Test 2 Test 3 Test 4 Test 5 

Na2SiO3 (aq) 724 g/l H2O 0.1 ml 0.2 ml 0.3 ml 0.35 ml 0.4 ml 
MgCO3 (aq) 120 g/l CO2 0.1 ml 0.2 ml 0.3 ml - - 

 
For the investigation, a glassy mould flux was used as this would best mimic a low fluoride or 
fluoride free mould powder. To prepare a sample in the device the mould powder was first 
decarburised in a furnace at 700 °C for 18 hours. 25 g of decarburised mould powder was then 
fused in a platinum crucible in a furnace for 10 minutes at 1300 °C. The molten mould flux 
was poured directly into the sample holder lined with heat resistant mica paper, with 
thermocouples set at defined distances. The sample was then allowed to cool slowly within 
the device. 
 
Experimental method 
 
To give maximum heat flux through the thermal conductivity device, a small amount of 
thermal paste was applied on the top of the cooled sample, giving a good contact with the 
cooling block. The weight of the cooling block also applies a constant pressure on the mould 
flux. 
 
To create the temperature gradient required for measuring thermal resistance, the hot plate 
was firstly set to 160 °C. The cooling water was turned on and the temperature from all 
thermocouples was allowed to settle before recording the temperatures at steady state. Steady 
state temperatures were recorded at increments of 60 °C up to 700 °C. After the full 
temperature program, the equipment was left to cool before removing the sample and 
measuring the thermocouple distances with a vernier calliper. Equations 1 to 3 were used to 
calculate thermal resistance between copper and mould flux: 
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Before proceeding with the next test, the copper reference within the device was cleaned of 
excess oxide and the surfaces polished to maintain a constant roughness. 

 
Results 

 
For all samples it was observed that gas was given off from the coating when pouring the 
molten flux into the sample holder. In most cases the gases escaped before the viscosity of the 
sample became high enough to retain the gas. Microscopy images of the coatings after a full 

Rint = Interfacial thermal 
resistance (m2.K.kW-1) 
$Tint = Temperature change 
across interface (°C) 
q = heat flux (W.m-2) 
Ti = Temperature of 
thermocouple (°C) 
d = distance (m) 
k = thermal conductivity 
(W.m-1.K-1) 

351



test cycle can be seen in Figures 3 and 4. Figures 5a-e show the cross section of the 
waterglass coatings and mould flux set in resin. In these figures, the interface of the mould 
flux is highlighted in red. 

     Figure 3. Image of magnesium carbonate coating      Figure 4. Image of waterglass coating 
 

Figures 5a-e. Cross section images showing influence of waterglass coating on mould flux. a) 0.1 ml waterglass; 
b) 0.2 ml waterglass; c) 0.3 ml waterglass; d) 0.35 ml waterglass; e) 0.4 ml waterglass; 

 
The thermal resistance results for the magnesium carbonate coatings can be seen in Figure 6. 
The thermal resistance results for the waterglass coatings can be seen in Figure 7. 
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Figure 6. Thermal resistance of magnesium carbonate coatings 
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Figure 7. Thermal resistance of waterglass coatings 

 
Discussion 

 
Magnesium carbonate coating 
 
The main observation of the optical microscopy images of the magnesium carbonate coatings 
is that they appear with cracks exposing mould flux in between. The cracks in the coating are 
formed during the drying process and transfer over to the mould flux surface. These cracks 
would create an air gap between the copper and mould flux surfaces that would increase the 
interfacial thermal resistance. 
 
From Figure 6 it can be seen that all volumes of magnesium carbonate coating have produced 
an increase in thermal resistance. However, it is unclear from the results if there is a 
relationship between the amount of magnesium carbonate used and thermal resistance. It 
could be stated that for all volumes of magnesium carbonate coatings investigated, a 
consistent increase in thermal resistance is seen. This increase is double that of the control 
sample at any given temperature. This may be due to the magnesium carbonate coating 
producing a similar surface roughness for all volumes, but since the evolved gas cannot be 
retained, the increase in coating gave an insignificant increase in interfacial distance. 
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Effect of heat on waterglass coatings 
 
From Figure 7 it can be seen that the addition of a waterglass coating to the copper face 
produced an increase in the thermal resistance. The variation in thermal resistance through the 
temperature range can be explained by the response of the waterglass coating to heat. Up to 
280 °C, the waterglass coating shows intumescent properties and expands due to the 
evaporation of chemically bonded H2O, creating a foam. A peak in thermal resistance is seen 
between 280 °C and 320 °C. From 320 °C up to 480 °C the thermal resistance enters a region 
of reduction with a similar gradient seen in the control sample. This linear reduction of 
thermal resistance in the control sample is attributed to the increase in convection in the air 
gap between the copper and the mould flux. It is proposed that during this period the 
waterglass foam is mechanically stable. The last phase occurs above 500 °C, where a sharp 
reduction in thermal resistance is seen. X-ray diffraction analysis of waterglass shows that %-
Na2Si2O5 crystallises at 400 °C [14]. This correlates well with the reduction in thermal 
resistance, since the average coating temperature will be about 100 °C less than the copper 
interface at 500 °C due to the temperature gradient. Crystallisation may lead to mechanical 
weakening of the foam and subsequent collapse of the interfacial gap. During industrial 
application, it is therefore important that the average coating temperature does not exceed 
400 °C. At the end of this final stage, all volumes of foam coatings reach a similar value of 
thermal resistance. The three stages explained above are illustrated in figure 8. 
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Figure 8. Phases of development of waterglass coating  

 
Relationship between amount of waterglass and thermal resistance 
 
As seen in Figure 7, up to 0.35 ml of waterglass increases the maximum thermal resistance, at 
which point a decrease is seen when the amount of waterglass is increased to 0.4 ml. This can 
be explained by analysis of the cross section images in figures 5a-e. The size of pores retained 
in the mould flux increases to a maximum at 0.35 ml of waterglass. However, the large pores 
are not seen when 0.4 ml of waterglass is used. When 0.4 ml of waterglass is used, the large 
volume of gas evolved when the molten flux comes into contact with the coating, may cause 
the pores to become so big that they float out before being retained. An increase in the amount 
of waterglass over 0.35 ml therefore has a detrimental effect on thermal resistance. 
 
It can also be said that as the amount of waterglass increases, the variability in pore size 
increases. This may explain why there is a greater spread of results between comparable 
samples as the amount of waterglass increases. 
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Comparison with industrial values 
 
The values of interfacial thermal resistance obtained by a previous parallel plate experimental 
setup were between 0.5 and 1.0 m2.K.kW-1 [15]. The control samples tested in this 
investigation gave slightly higher results, between 0.5 and 1.5 m2.K.kW-1. This may be due to 
less pressure being applied by the cooling block, that allows a larger interfacial gap to appear. 
 
Previous observations of industrial mould flux film samples have, however, estimated that 
interfacial thermal resistance is between 0.1 and 0.2 m2.K.kW-1 [16]. This was attributed to 
the greater force applied by the ferro-static pressure in the mould that decreases the interfacial 
gap. The performance of the coatings in the current investigation should therefore be used as a 
comparative measure rather than a directly transferrable result. 
 
The author has previously estimated that the removal of fluoride from a peritectic mould 
powder composition will decrease the total thermal resistance from the steel shell to the 
copper mould by 0.38 m2.K.kW-1 [12]. Comparatively, this is around two and a half times the 
interfacial thermal resistance seen from industrial mould flux film samples [16]. Looking at 
the results from the current investigation, it could be said that the use of 0.2 ml waterglass and 
above would give this level of increase in thermal resistance. However, using the same 
comparative measure for the magnesium carbonate coating, an increase of only 0.15 
m2.K.kW-1 was achieved, which is not suitable for fluoride free mould powder casting. 
 
Further Work 
 
To look at the effect of ferro-static pressure and investigate the durability of the foam coating 
under casting conditions, two larger scale investigations will take place. This includes a 
copper finger experiment, where a water cooled copper finger is submerged into molten flux, 
measuring the heat removed. The other experiment will be a pilot plant trial using a 7 tonne 
continuous caster at the Materials Processing Institute, Middlesbrough. 
 

Conclusion 
 
Irrespective of amount used, the effect of magnesium carbonate coatings produced an average 
increase in interfacial thermal resistance relative to 0.15 m2.K.kW-1 under casting conditions. 
 
The exposure of the waterglass coatings to molten mould flux produced porosity in the 
solidified mould flux surface and created a foam that increased the distance of the mould flux 
from the copper surface. This increased the interfacial thermal resistance, with a peak at 0.35 
ml of waterglass. Expansion of the coating took place between 150 °C and 280 °C. A stable 
region is seen up to 500 °C after which a sharp decrease in interfacial thermal resistance is 
seen. This sharp decrease has been attributed to the weakening of the foam structure. 
 
When comparing the values from the current investigation with industrial results it is 
estimated that the waterglass coating could provide enough increase in interfacial thermal 
resistance to replace fluoride in the mould powder. 
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Abstract 

Iron oxides in mould fluxes enhance heat extraction from the molten steel to the mould due to 
energy absorption by d-d transitions of Fe2+ and re-emission. Thus, the existence of iron oxides
is against mild cooling of molten steel. In this study, mould flux powders containing ca 2 mass% 
Fe2O3 were mixed with sufficient amounts of CaSi2. The mixtures were contained in alumina 
crucibles and melted at 1673 K in Ar-H2 atmosphere. The melts were poured into brass moulds 
to obtain glassy samples 5 mm thick. The Fe2O3 concentration was analysed by a scanning 
electron microscope with an energy dispersive spectrometer. The concentration decreased from 
ca 1.71 mass% to 0.49 mass% within 5 min and then settled down. Mass transfer of Fe2O3 is 
supposed to be the rate-controlling step at high temperature. The mass transfer coefficient has 
been calculated to be 1.8�10-3 cm·s-1, which seems reasonable. Since crystallisation of mould
flux enhance heat reflection from the molten steel to reduce heat transfer, crystallisation kinetics 
of mould fluxes has been investigated using the Avrami equation, which suggests that additions 
of reducing agents such as CaSi2 suppress the crystallisation process. In addition, CaSi2 additions 
result in a dramatic decrease in the total radiative heat flux across mould fluxes in glassy state 
and would be effective for mild cooling of molten steel. 

Introduction 

Continuous casting requires mild cooling of molten steel to prevent longitudinal surface 
cracking. The cooling rate of the steel can be controlled using mould flux which has an influence 
on the heat transfer from the steel shell to the casting mould. The heat transfer takes place mainly 
through two mechanisms, namely, conduction and radiation, which could be both reduced by 
crystallisation of mould flux[1-3]. The addition of iron oxides enhances the radiative heat 
transfer across the mould flux film due to corresponding changes in optical properties including 
reflectivities, transmissivity and absorptivities[4,5]. It is necessary to reduce iron oxides in 
mould flux to give it suitable optical properties for production of steel slabs with good surface 
quality. 
In a previous study mould fluxes it was found that oxygen dissolved in molten iron is the 
primary oxygen source leading to the dissolution of iron oxides in mould flux, and suggested that 
additions of reducing agents would be efficient methods of reducing iron oxide concentrations in 
the final flux materials[6]. Previous studies on the reduction of iron oxides from slags at high 
temperatures have that carbon in the form of coke or graphite can reduce the iron oxide to 
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several mass percent in slags[7-9]. These studies have succeeded in providing a good 
understanding of the kinetics of iron oxide reduction by carbon and the control of foaming 
phenomena by addition of carbonaceous materials for iron smelting. Carbon particles are 
commonly mixed with mould flux powders to prevent oxidation of the steel surface. However, 
these particles are not able to easily dissolve into mould flux baths and are maintained as solids, 
which have much lower reduction rate of iron oxide than solute carbon[8]. The carbon reduction 
usually results in the formation of gaseous carbon monoxide and carbon dioxide which would 
form gas bubbles in mould fluxes. Thus, carbon does not seem to be a suitable reducing source 
for iron oxides. 
Against this background, this study reconsiders reducing agents other than carbon materials for 
the reduction of iron oxides in mould flux and chooses calcium silicide. Calcium silicide is being 
used in mould flux to maintain the steel temperature by the exothermic reaction with iron oxides. 
Although Tsukaguchi et al[10,11] have studied exothermic powder containing CaSi and FeO, 
they have mainly focused on heat of calcium silicide combustion instead of iron oxide reduction. 
Consequently, this study aims to investigate the reducibility of calcium silicide for the reduction 
of iron oxides in mould flux at a low concentration level, and to evaluate the crystallisation and 
radiative heat transfer characteristics of the reduced fluxes.  

Experimental 

A synthetic mould flux (base mould flux) was employed with the nominal composition (in 
mass%): Al2O3+MgO=3.23, Na2O+F=19.6, Fe2O3=2.0, and the basicity T.CaO/SiO2=1.0, Table 
1 gives the respective reducing conditions of Exps. 1-3.  

In Exp. 1, base mould fluxes in powders were used without reducing agent and melted at 1673 K 
in a platinum crucible in Ar-H2 gas mixture. In Exps. 2-3, mould flux was used after sufficiently 
mixing with CaSi2 and the mixture was melted at 1673 K in an alumina crucibles for reducing 
reaction within a desired holding time. At the end of each experiment, the melt was rapidly 
poured into a brass mould to obtain a glassy sample 5 mm thick. Parts of glassy samples were 
annealed above their crystallisation temperatures determined by DSC: the detailed annealing 
conditions are shown in Table 2.

Table 1. Summary of experimental conditions

Mould flux Reducing agent Ambient gas
Temperature 

/ K
Holding time 

/ sSort Mass%

Exp. 1
Base mould 

flux

- - Ar-H
2 1673 300

Exp. 2 CaSi
2
,

Ф ~300μm

3.1 Ar, Ar-H
2 1673 240, 600, 1200

Exp. 3 1.0, 2.0, 3.1 Ar-H
2 1673 1800

Table 2. Annealing conditions 

Sample Reducing condition Temperature / K Holding time / s

Anneal-1
Anneal-2

Exp. 1-0 %, Ar-H
2
, 5 min

Exp. 3-1.0% CaSi
2
, Ar-H

2
, 30 min

950 1800

Anneal-3
Anneal-4-1

Exp. 2-2.0% CaSi
2
, Ar, 30 min

Exp. 2-3.1% CaSi
2
, Ar, 20 min

973 1800

Anneal-4-2 Exp. 2-3.1% CaSi
2
, Ar, 20 min 973 5400
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The surface morphologies and the compositions of each of the samples were analysed by SEM-
EDS after Au coating and the valence of iron ion was analysed by XPS. The phases present in 
the annealed samples were determined by XRD using Co K� radiation. The apparent reflectivity 
(Ra) and transmissivity (Ta) were measured for glassy samples at room temperature using a 
spectrophotometer with an integrating sphere covering the wavelength range 300-2600 nm.  
 

Results 
 
The base mould flux in the glassy state appears yellowish green due to strong spectral absorption 
caused by ferric iron ion Fe3+ at wavelengths below 500 nm[4,12]. The reduced samples are 
generally in black colour and opaque, possibly due to strong absorption by dispersion of metallic 
particles in the samples. Metallic particles were found above the inner wall of alumina crucibles 
and seemed to be rich in iron, which agglomerated and separated from the molten mould flux 
due to the significant density difference between iron (7.25 g·cm-3)[13] and mould flux (2.40 
g·cm-3)[14].  

Figures 1(a)-(b) show SEM images and corresponding EDS mapping images of Fe for 
representative samples before and after reduction: (a) base mould flux, and (b) after CaSi2 
reduction. There is no sign corresponding to iron particles in the base mould flux, whereas iron 
rich particles in green colour are clearly observed in the sample with enough additions of CaSi2 
as shown in Fig. 1(b2). Corresponding EDS point analysis further proves low iron concentration 
areas in mould flux matrix and high iron concentration areas in iron rich particles. In addition, 
XPS profiles of Fe in the reduced sample have identified peaks at the binding energy around 707 
and 711 eV corresponding to atomic Fe and Fe3+ ion[15]. The peak of atomic Fe agrees with the 
finding of iron rich particles by SEM-EDS. Thus, the concentration of iron oxide in the mould 
flux matrix has been calculated assuming that all iron oxide exists in the form of Fe2O3. The 
Fe2O3 concentration is ca 1.71 mass% in the base mould flux.  

 
Figure 1. SEM and EDS mapping images of Fe for samples: (a) base mould flux in Exp. 1, 

and (b) a sample reduced by CaSi2 in Exp. 2. 

200 �m 

(a1) (a2) (b1) (b2) 

              
Figure 2. Fe2O3 concentration change with (a) holding time, and (b) CaSi2 additions. 
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Figure 2(a) shows Fe2O3 concentration changes in mould fluxes by CaSi2 reduction with holding 
time in Ar and Ar-H2 atmosphere, respectively. Mould flux weighing 14 g empirically requires 
2-3 min for complete melting. The reduction of iron oxide proceeds soon after melting of mould 
flux. There is almost no concentration dependence on atmosphere, which suggests that there is 
no influence of H2 in atmosphere on iron oxide reduction. Figure 2(b) shows the iron oxide 
concentration change with CaSi2 additions. The Fe2O3 concentration decreases to 0.49 mass% 
with additions of 3.1 mass% CaSi2. 

After annealing under the conditions described in Table 2, the base mould flux became milky 
white due to strong surface scattering. In contrast, the colour of reduced samples remains black 
with an almost imperceptible change. Small appearance differences of reduced samples before 
and after annealing give an indication of crystallisation. Figures 3(a) and (b) show SEM images 
of annealed samples corresponding to Anneal-4-1 and Anneal-4-2 conditions in Table 2. 
Crystallisation of grains in pale colour could be distinguished by inhomogeneous distribution in 
the observation field. Crystallisation is enhanced while the grains grow up with increasing 
holding time. Figure 3(c) shows a typical XRD profile of Anneal-4-2 sample. The identified 
peaks of cuspidine (Ca4Si2O7F2) is recognized as the crystalline phase.  

Figures 4(a), (b) and (c) show apparent transmissivities (Ta), reflectivities (Ra) and absorptivities 
(Aa) of glassy samples with and without CaSi2 additions, respectively. For the base sample, the 
values of Ra remain at a low level over all wavelengths, while the values of Aa have absorption 
peaks below 500 nm and around 1000 nm due to ferric and ferrous iron ions. For the CaSi2 
reduced sample, there are low values of both Ra and Ta and high values of Aa probably due to the 
absorptions of metallic iron particles formed as a result of the reduction of Fe2O3 from the melt.  

 
Discussion 

 
The reduction of Fe2O3 by CaSi2 is assumed to follow Eq. (1): 

      
Figure 3. SEM images of (a) Anneal-4-1, and (b) Anneal-4-2 with (c) XRD profile for Anneal-4-2. 
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Figure 4. (a) Apparent transmissivities, (b) reflectivities and (c) absorptivities of samples. 
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Fe2O3 (s) + CaSi2 (l) = 2Fe (s) + CaO (s) + SiO2 (s)                          (1)  

Figure 2(a) has shown that the Fe2O3 concentration dramatically decreases with holding time and 
maintains constant after about 300 s. For high temperature redox reactions, the chemical reaction 
rate is commonly higher than the diffusion rate at high temperature. Therefore, mass transfer of 
Fe2O3 in the boundary layer is assumed to be the rate controlling step. The diffusion flux of 
Fe2O3 (JFe2O3) can be expressed by Eq. (2) following Fick’s law.  

                   (2)  

where δ is the boundary layer thickness, D is the diffusion coefficient of Fe2O3 in mould flux, k 
is the mass transfer coefficient of Fe2O3 across the boundary layer, C*

Fe2O3 is the equilibrium 
concentration of Fe2O3 and CFe2O3 is the Fe2O3 concentration in mould flux. In addition, JFe2O3 
through the boundary layer per unit time can be expressed by Eq. (3) as well.  

                                                        (3)  

where V is the volume of mould flux, A is the interfacial area and t is the holding time. By 
substituting Eq. (2) into Eq. (3) and integrating, the following equation can be derived and used 
to calculate the value of k.  

                     (4)  

where C0
Fe2O3 is the initial concentration of Fe2O3 in mould flux. Values of CFe2O3 and C0

Fe2O3 in 
molar concentration have been derived from the mass fraction obtained by EDS analyses, molar 
mass and relevant densities (2.46 + 0.018×[CFe2O3 in mass%] g/cm3 for mould fluxes containing 
Fe2O3 around 1700 K[16], the value of C*

Fe2O3 at equilibrium is very low and assumed to be zero, 
the value of V has been calculated to be ca 12 cm3 and the value of A has been estimated to be ca 
36 cm2. As a result, the value of k has been derived to be 1.8×10-3 cm∙s-1. This value for iron 
oxide reduction is much larger than the value for iron oxide formation[9] possibly due to larger 
interfacial areas for the reduction in powder mixture. In addition, it is suggested that iron oxide 
formation can be sufficiently suppressed by CaSi2 within 600 s, which is as short as the 
estimated dwelling time of molten mould flux in continuous casting[9].  
The crystallisation of mould flux has been investigated using the DSC profiles and the Avrami 
equation as follows:  

                                                 (5)  
where x is the relative degree of crystallinity, K is the crystallisation rate constant, t is the 
crystallisation time and n is the Avrami index[17-19]. At a start of crystallisation peak in the 
DSC profile, the time t is valued zero. While the time continuing, a corresponding value of x is 
calculated as the ratio of an instantaneous area over the whole area of the crystallisation peak in 
the DSC profile. The Avrami equation is a classic model applicable to explain crystallisation 
kinetics of materials including metal, ceramics and polymer on the assumptions: (i) nucleation 
occurs randomly and homogeneously in the entire untransformed portion of the material, (ii) 
growth occurs at the same rate in all directions, and (iii) the growth rate keeps constant. 
Table 3 gives parameters of crystallisation kinetics including r, n, K, KJ and R2 calculated using 
DSC curves, where r is the cooling rate of DSC analysis, KJ is the corrected constant of 
crystallisation rate satisfying the relationship ln KJ = ln K / r, and R is the correlation coefficient 
of the approximate curve. The value of R2 entirely exceeds 0.95, which suggests that the Avrami 
equation is substantially applicable to explain the crystallisation kinetics of mould fluxes. 
Besides the sample reduced by CaSi2 in this study, three other samples made previously have 
been compared[20-22]: the sample reduced by Si, base mould flux with ca 1.0 mass% Fe2O3 and 
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Fe2O3 free mould flux, respectively. The values of n for all four kinds of mould fluxes are around 
3.0 in an agreement with Xie et al’s study[18,19], which indicates that cuspidine precipitates in 
the way of heterogeneous nucleation and has a 3-dimentional growth. The highest value of KJ for 
Fe2O3 free mould flux indicates a most rapid process of crystallisation. Crystallisation of mould 
flux is suppressed by the presence of iron oxide and reducing agents instead of enhancing the 
nucleation rate of cuspidine.  

The radiative heat flux across the reduced sample has been estimated by the following the optical 
process model previously established[20]. The key equation in the optical process model 
developed from the net radiation method is Eq. (6) for calculation of spectral radiative heat flux 
across the mould flux layer IR:  

                                                       (6) 

where  

                        (7) 
                                                 (8) 

and                                                          (9) 

where Ej is the blackbody radiation energy emitted at interface j, subscript “+” means the 
direction of the energy from the shell to the mould while “–” means the reverse direction, � is the 
wavelength, n is the refractive index of materials refracting radiation, ε1 (T1) and ε4 (T4) are the 
respective emissivities (temperatures) of the shell and the mould, ε2 (T2) and ε3 (T3) are the 
respective emissivities (temperatures) of the solid flux at interfaces in contact with the liquid flux 
and the air gap layer, Ra and Ta are the respective apparent reflectivity and transmissivity of the 
solid flux, and Ra

* and Ta
* are the apparent reflectivity and transmissivity for radiation emitted 

within solid flux, respectively. Parameters involved take the following values: interfacial 
temperatures T1 = 1800 K, T2 = 1400 K, T3 = 500 K, T4 = 400 K, and the thickness of solid flux 
layer df = 5.0 mm. The total radiative heat flux (ITotal R) has been derived by integrating Eq. (6) 
for all wavelengths (0.3-10.0 μm in this study). The values of ITotal R is ca. 9.05 × 104 and 464 
W·m-2 for the base sample and the sample reduced by CaSi2, respectively. Additions of CaSi2 
cause a decrease up to three orders of magnitude in radiative heat flux due to a large decrease in 
apparent transmissivities and an increase in apparent absorptivities as shown in Fig. 4. Although 
the crystallisation kinetics is slowed down, additions of CaSi2 could cause a dramatic decrease in 
the total radiative heat flux across the glassy mould flux, which would be effective to realize 
mild cooling in actual continuous casting of steel. 
 
 

Table 3. Kinetics parameters of crystallisation on the basis of Avrami equation 

r, ·min
-1
 n K K

J
 R

2
 

CaSi
2
 reduced 10 2.8 0.0073 0.6114 0.9574 

Si reduced
 20)

 10 3.0 0.0160 0.6613 0.9971 
Base mould flux

21)
 10 3.2 0.0127 0.6462 0.9564 

Fe2O3 free mould flux
22)

 10 2.8 0.1373 0.8199 0.9712 
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Conclusions 
 
Iron oxides in mould fluxes have been reduced by calcium silicide. Some of the reduced samples 
have been annealed for crystallisation.  
� The average Fe2O3 concentration progressively decreases from ca 1.71 mass% to 0.49 

mass% in mould fluxes with additions of CaSi2 within 1.8 ks at a temperature of 1673 K.  
� The apparent reaction rate constant for the reduction of iron oxide by CaSi2 has been 

derived as the magnitude of 10-3 cm·s-1, which is much larger than for iron oxide formation: 
the addition of CaSi2 is efficient to keep the iron oxide concentration at a low level. 

� Crystallisation kinetics of mould fluxes has been investigated using the DSC profiles and 
the Avrami equation to suggest that crystallisation of mould flux is suppressed by the 
presence of iron oxide and CaSi2 instead of enhancing the nucleation rate of cuspidine. 

� Additions of CaSi2 result in a dramatic decrease in the total radiative heat flux of mould 
fluxes in glassy state due to effects of metallic iron particles formed in the final flux 
materials and would be effective to realise mild cooling in actual continuous casting of 
steel.  
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Abstract 

Many papers have been presented, and the sessions well attended, on the viscosity 
measurements of silicate and calcium ferrite based slag systems since this conference series 
inception in 1980 in Halifax. Over the years, the emphasis has been spent on developing 
reliable measurement techniques of pure liquids, trustworthy datasets, extending the slag 
systems and the number of components in the liquids, understanding the behaviour of 
amphoteric oxides, and extending measurements to two phase systems. 

This paper reviews the viscosity measurement papers presented at Halifax through to Beijing, 
with the view to showing how the understanding and practise of viscosity measurement has 
changed, along with our understanding of the nature of the liquids being measured and 
ultimately mathematically modelled. Much of the development can be attributed to Professor 
Ken Mills, and this review attempts to pay tribute to his outstanding contribution to the field. 

Introduction 

Determination of the effects of temperature and chemistry on the viscosity of high 
temperature melts has always been a challenging area of research. Viscosity measurement 
usually requires knowledge of the melt phase diagram, or at least the composition range 
being studied. There is no single viscosity measurement method that can measure the entire 
range of viscosity of high temperature liquids. The viscosity of the liquid can vary over 
several orders of magnitude or by only a few percent with temperature depending upon the 
composition. Bouyancy and reactions between the container and melt-measuring material can 
limit what can be used experimentally. The melt composition may change with time and 
temperature. Temperature differentials between the furnace wall and the melt and thermal 
gradients along the furnace wall can increase measurement uncertainty. Thermal expansion 
may also increase uncertainties. The measurement technique requires calibration, usually 
with at least one material of known viscosity. The experimental method can also have 
significant uncertainties, due to geometric flow considerations, or the difficulties of the 
measurement, as with the rotational viscometer. 

The viscosity papers at the affectionately dubbed “Slag” conferences have reflected the desire 
to innovate and improve the accuracy of measurements and to link the measurements to a 
greater understanding of the melt structure. Much of the recent improvements can be 
attributed to the energy and drive and collaborative approach of Professor Ken Mills to 
develop a suitable high temperature reference melt in the applicable viscosity range for 
metallurgical slags and refine the measurement approach to improve accuracy. 
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This paper looks back at all the viscosity papers presented at these meetings, but is not 
intended to be a critical review of each paper, but the aim is to examine the key findings and 
forecast possible future areas of viscosity research.  

The Papers 

1980 

At the first meeting in Halifax (International Symposium on Metallurgical Slags, 1980) 
papers with data on viscosity measurements were presented mainly in two sessions with both 
reviews of previously published data and new measurements (Table I) presented during the 
meeting*. The viscosity data (at the time) on slags produced in copper smelting was reviewed 
by Mackey (1980). Viscosity data on industrial slag from a reverbatory furnace operated by 
Noranda (Peacey and Pelletier, 1980) was also presented in a paper regarding production of 
mineral wool, but no details on how the measurements were performed were given.  

Viscosity measurements using a counterbalanced sphere method on ternary lead silicate melts 
were presented (Ouchi and Kato, 1980). The method relies on determining the velocity of a 
sphere as it descends in the melt. The velocity of the falling sphere can be adjusted by 
changing the mass on the counterbalance. A platinum- rhodium crucible was used to contain 
the melt and the measurement sphere was platinum. The viscometer was calibrated with 
standard oils. The study showed that when the temperature was kept constant, and the silica 
mole fraction remained constant, the viscosity increased by up to 15% when alkali earth 
oxides were partially substituted lead for up to a mole fraction of 0.05. Lime had the greatest 
increase, with the behaviour of MgO and BaO slightly less. Substituition of PbO with NiO or 
CoO up to a mole fraction of 0.05 resulted in a very small or almost no change in viscosity. 

The effect of magnesia addition on the viscosity of Na2O-SiO2 slags by a rotating cylinder 
method was reported by Kawahara et al., (1980). In melts with a high silica content ( 
Na2O/SiO2 =1/4), the addition of MgO overall decreased the viscosity for additions up to 30 
mole%. As the silica content decreased, (Na2O/SiO2 ratio increased), MgO addition did not 
appear to decrease the viscosity significantly, and at Na2O/SiO2 ratio of 1 or 1.5 the viscosity 
did not change for MgO contents of up to 20 mole%. The authors also investigated the impact 
of substituting CaO with NiO for CaO-SiO2 slags at constant silica content. Substitution of 
CaO with NiO reduced the viscosity. 

The viscosity of slags with potential for application as mould fluxes in continuous steel 
casting was measured using the rotating cylinder approach with Mo components and using an 
Ar atmosphere (McCauley and Apelian, 1980). Twenty different compositions were studied 
in the Al2O3-CaF2-CaO-Na2O-SiO2 system, with the Al2O3 content beings kept constant, and 
the other components varied. The silica content had the greatest effect on viscosity, which 
decreased as the CaO/SiO2 ratio was increased. Na2O and CaF2 also decreased the viscosity 
as their concentration was increased. The viscosity was dependent on the ratio of network 
forming ions to anions in the slag, and the several empirical models were applied to the data, 
with most giving a reasonable fit based on melt composition. 

                                                           
*A presentation by Toguri and Wang on the “Viscosity of Molten slags” was listed in the symposium program, 
but no paper appeared in the proceedings. 
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Table I Systems for which new viscosity data were presented at the first conference (Halifax). 
System Method Material Temperature 

range (°C) 
Reference 

Al2O3-CaO-FeO-MgO-SiO2 N/A N/A 1150-1500 Peacey & Pelletier, 
1980 

BaO-PbO-SiO2 
CaO-PbO-SiO2 
CoO-PbO-SiO2 
MgO-PbO-SiO2  
NiO-PbO-SiO2  
PbO-SiO2 

Counter-balanced 
sphere 

Pt/Rh Pt 1000-1200 Ouchi & Kato, 1980 

MgO-Na2O-SiO2 
Cao-NiO-SiO2 

Rotating cylinder  -1550 Kawahara et al., 1980 

Al2O3-CaF2-CaO-Na2O-SiO2 Rotating cylinder Mo 1400 McCauley & Apelian, 
1980 

N/A No information given. 

1984 

The second meeting was held at Lake Tahoe (Proceedings of the Second International 
Symposium on Metallurgical Slags and Fluxes, 1984) and the viscosity papers are given in 
Table II. Viscosity measurements of slags produced in steelmaking were presented (Drissen 
et al., 1984; Nichols et al., 1984; McCauley and Apelian, 1984; Yanagase et al., 1984) as 
well as viscosity measurements on synthetic coal slags (Vorres et al., 1984). These 
measurements all used the rotating cylinder method. 

The measurements on steelmaking slag (Drissen et al., 1984) used Pt-20%Rh components 
and were performed in air. This would have minimised loss of Fe from the slag to the 
crucible and bob. The bob was calibrated using standard oils. A range of composition was 
studied in the CaO-Fe2O3-MgO-SiO2 system. Measurements examined the effect of basicity 
(CaO+MgO)/SiO2 and total iron, expressed as Fe2O3, as well as temperature. For melts with a 
constant molar basicity ratio, (xCaO+xMgO)/xSiO2, substitution of CaO with MgO increased the 
viscosity slightly, irrespective of the Fe content of the slag. When the basicity was kept 
constant and Fe2O3 is added to the slag, the viscosity decreased. 

The coal slag viscosity studies were perfomed at low oxygen potentials or in air (Vorres 
et al., 1984). For the low oxygen potential conditions, Mo components were used, and a H2-
CO2-N2 or H2-CO2-Ar gix mixture was used to established the oxygen partial pressure. For 
viscosity measurements of coal slags in air, Pt components were used. Twenty compositions 
in the Al2O3-CaO-FeOx-MgO-SiO2 system were studied. The key findings for fully liquid 
slags were:  

� There was a linear relalionship between  and 1/T. 
� Increasing the silica content of the slag increased the viscosity 
� At fixed silica content, increasing Al2O3 increased viscosity 
� The effect of oxygen potential on viscosity increased as the iron oxide content 

increased. 
� A rapid change in viscosity during measurements in the lower temperature range of 

the study was most likely due to the formation of solid phases.  

Isothermal measurements on the Al2O3-CaF2-CaO system were also presented (Yanagase et 
al., 1984). The measurements were performed using the rotating cylinder method using Pt 
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components. The behaviours of CaO and CaF2 in the liquid melt with respect to viscosity 
were very similar and decreased viscosity. Alumina exhibited amphoteric behaviour; for 
melts with the CaO/Al2O3 >1, alumina forms complex ions and the viscosity increases. At 
CaO/Al2O3 <1, the behaviour of Al2O3 was similar to CaO, and the iso-viscosity lines were 
parallel to the lines of constant CaF2 composition. 

The viscosity of mould slags that could be used in a bottom filled ingot process was presented 
by Nichols et al. (1984). The slags were contained in a graphite crucible under an argon 
atmosphere and a Mo spindle was used to measure the viscosity. The viscosities of ten 
compositions in the Al2O3-CaF2-CaO-FeO-K2O-MgO-Na2O-SiO2 (+ impurities) system were 
measured. The log of the measured viscosity was linear with respect to 1/T for all the 
compositions studied. The viscosity increased as the silica content increased, and the authors 
found that the Y parameter (Kingery et al., 1976) combined with the mole fraction of silica 
gave an excellent correlation between the network properties of the slag and the viscosity. 
The correlation was of the form: 

log η1500°C = 7.368 + 2.068 · xSiO2 + 1.985 · Y 

Where Y was: 

Y = 8 –  (2 · (xFeO + xCaO + xNa2O + xK2O+ 2 · xCaF2 + 2 · xSiO2 + 3 · xAl2O3) )/(xSiO2 + 2 · xAl2O3) 

The regression coefficient  was r2=0.974, 

The temperature dependence of viscosity of the mould fluxes presented at the first conference 
and subsequently published in a journal of the conference proceedings (McCauley and 
Apelian, 1980; McCauley and Apelian, 1981) was examined with respect to several models. 
The Clausius-Clapeyron equation was found to give the best fit across a broad range of 
liquids including slags, liquid metals, molten salts and organic liquids. 

 
An indirect approach correlating measured viscosity with slag fluidity, measured the string 
length per gram of slag formed by tipping hot slag onto an inclined steel launder (Chen et al., 
1884). A slag from an industrial slag cleaning furnace was fluxed with SiO2 or Al2O3 or CaO, 
to vary the slag chemistry. The slag viscosity was also measured using a rotating cylinder 
method using Mo components under an argon atmosphere. The slag fluidity (as measured by 
the string length) was inversely proportional to the viscosity. 

Table II New viscosity measurements presented at the 2nd conference (Lake Tahoe). 
System Method Material Temperature 

range (°C) 
Reference 

CaO-FeOx-MgO-SiO2 Rotating cylinder Pt-20%Rh 1310-1600 Drissen et al., 1984 
Al2O3-CaF2-CaO-FeO-K2O-
MgO-Na2O-SiO2 

Rotating cylinder Mo 1200 -1500 Nichols et al., 1984 

Al2O3-CaO-FeOx-SiO2 Rotating cylinder Mo 1200 Chen et al., 1984 
Al2O3-CaF2-CaO Rotating cylinder Pt 1450-1580 Yanagase et al., 1984 
Al2O3-CaO-FeOx-MgO-SiO2 Rotating cylinder Mo or Pt 1250-1450 Vorres et al., 1984 
Al2O3-CaF2-CaO-Na2O-SiO2 Rotating cylinder Mo 1400 McCauley & Apelian, 

1984 
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1989 

At Glasgow, where the third Conference was held (3rd International Conference on 
Metallurgical Slags and Fluxes, 1989), two papers were presented on viscosity measurements 
(Table III). Measurements on the B2O3-Na2O-SiO2 system (Shiraishi and Ogawa, 1989) were 
on solid glasses and fully liquid melts using two measurement techniques for both phase 
types; namely parallel plate and rotating cylinder. The measured viscosity ranged from 4.4 x 
102 Pa s to 0.76 Pa s. The measurements on the liquid slag showed that for melts with 
Na2O/B2O3 >1, B2O3 was amphoteric and a network former. However at these ratios, if the 
SiO2 content was high, B2O3 was a network modifier or breaker. At Na2O/B2O3 < 1, B2O3 
behaves as a network breaker, irrespective of the SiO2 concentration. The second paper on 
borate melts (Iida et al., 1989) used a custom built oscillating plate viscometer, and the 
measurements on pure B2O3 were in good accord with published data. For binary B2O3-PbO 
melts, addition of PbO decreased the viscosity. The measured viscosity of liquid melts ranged 
between 1000 Pa s for B2O3 at 873 K and 0.003 Pa s for liquid PbO at 1273K. There was 
again good agreement with the published data across the B2O3-PbO composition range.  

Table III Systems where new viscosity measurements were presented at the 3rd conference (Glasgow). 
System Method  Material Temperature 

range (°) 
Reference 

B2O3-Na2O-SiO2 Parallel plate 
Rotating cylinder  

 
Pt-6%Rh 

527-677 
827-1127 

Shiraishi and 
Ogawa, 1989 

B2O3 
B2O3-PbO 

Oscillating plate S. Steel 
Pt 

527-1127 
 

Iida et al., 1989 

1992 

At the Sendai meeting (Molten Slags and Fluxes, 92), Professor Ken Mills presented a 
plenary lecture and paper on the relationship between physical properties of slags (viscosity, 
electrical conductivity, self diffusion coefficients and thermal expansion coefficients) with 
the structure of the silicate network in the slag (Mills, 92). A slag consists of a 3-dimensional 
network of interconnected SiO4

4- tetrahedra which are joined by bridging oxygens (O0). 
These linked tetrahedral are de-coupled by non-bridging oxygen (O-) which come from the 
oxygen of other cations in the slag (eg, Ca2+, Mg2+, Na2+, etc.). Cations with smaller radius 
(r) and higher valence (z), favour depolymerisation of the silicate units to SiO4

4- tetrahedra. 
This tendency can be ranked by the parameter z/r2. High valence state cations (M3+, M4+, 
M5+) can also form tetrahedra and be network formers, so the structure of the slag can be 
thought of as the total number of tetrahedra bridged by oxygen, however local charge balance 
considerations must be accommodated by having other cations nearby. Cations such as Fe3+ 
can also have four(IV) or six (VI) co-ordination so can be a network former or breaker 
depending upon the concentration and Fe3+/(Fe2++Fe3+) ratio. The principles on defining the 
structural units are explained in detail in the paper. 

The ratio of number of non-bridging oxygen (NBO) over the number of bridging oxygen (T) 
atoms (NBO/T) was correlated to the variation of slag physical properties with composition. 
The main findings with respect to viscosity behaviour were: 

� The degree of depolymerisation is the primary factor affecting the viscosity of a fully 
liquid slag, and the cation a “second order” effect.  

373



� The NBO/T ratio is probably superior to optical basicity (Λcorr) as a measure of 
depolymerisation for silicates, while the latter has broader application to other melt 
types. 

� For aluminosilicate melts, cations involved in charge balancing do not contribute to 
depolymerising the melt. 

The variation of the activation energy of viscous flow with depolymerisation of the melt 
using the NBO/T ratio did not yield a satisfactory correlation. The NBO/T ratio does not 
account for different M-O bond lengths when cations other than Si form tetrahedra. 

Professor Ramana Reddy, co-chair of the 1992 conference presented a structurally based 
model to describe the viscosity behaviour with composition and temperature for borate slags 
using the concept of oxygen bridging between boron atoms to form polymers along with non-
bridging oxygen to break up the network (Reddy et al., 1992). The viscosity behaviour of 
Na2O-B2O3 melts was described and compared with the literature. 

The papers presenting new viscosity at the meeting are given in Table IV. Professor Mills 
presented on his findings of a round robin study to develop a Standard Reference Material for 
viscosity measurements at high temperatures (Broadbent et al., 1992). This development was 
driven by the need for a suitable reference slag which had a viscosity in the range of most 
metallurgical slags, and could be used in atmospheres ranging from reducing, neutral or 
oxidising. A large quantity of slag with a target composition of 19.46% Li2O3-14.06 %Al2O3 
and 63.8 %SiO2 was prepared and homogenised. A measurement study over two round robins 
was then performed by 13 organisations using a variety of measurement techniques and 
container/contact materials. The results of the first round of measurements from 11 
laboratories showed that there was appreciable scatter in the value of the measured viscosity, 
equivalent to a temperature variation of ±80 K. The slopes of the temperature dependence of 

 plotted against 1/T for most of the measurement sets were similar. The key result from 
the first round robin measurements was a set of protocols to reduce variation and uncertainty. 
The key requirements were: 

� Drying of the sample at 110°C overnight prior to measurement. 
� Use of Mo or Pt components to contain/contact the slag. 
� Calibration of thermocouples with a traceable standard thermocouple. 
� The melt position optimised for the isothermal region of the furnace. 
� The temperature difference between the melt and the furnace determined. 
� Upper measurement temperature restricted to 1400°C. 
� A neutral or reducing atmosphere to be used in the working tube. 
� Calibrated with at least two standard oils with viscosity in the range of 0.1 to 1 Pa s. 
� Post chemical analysis of the slag. 

In the 2nd round of measurements, 13 laboratories participated; the measurement scatter was 
reduced, but still significant at ± 55 K. When the results were grouped into container/contact 
material type, the group of measurements using Mo components had the least scatter (±10 K) 
while the group using graphite components had the greatest scatter. The variation of the 
measurements with Pt components lay somewhere in between, with some laboratories 
measuring the same values as reported for Mo components.  
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The study concluded that the SRM was suitable as a reference material, and recommended 
values of the temperature dependent viscosity of the liquid SRM slag with an estimated 
uncertainty of ± 10 K were quoted.  

Iida and Tanaka (1992) presented oscillating plate viscometer measurements on the SRM 
using the protocols outlined previously. The oscillating plate method is suitable for 
measuring slag viscosity, but the end effect of the plate increases with increasing plate 
thickness and increasing liquid viscosity, affecting the calculated viscosity. The true viscosity 
was calculated using the empirical relationship between the viscosity and the damping factor 
using a second order term for the damping factor. Measurements on the SRM were in good 
accord with the recommended values. Sasahara et al., (1992) presented an abstract on a 
viscometer based on the Iida oscillating plate viscometer and described viscosity 
measurements on the CaO-FeO-SiO2 system with CaCl2 or CaF2 flux addition. They reported 
that addition of the fluxes reduced the viscosity by similar amounts†. 

The viscosity of 35 synthetic slags for potential use in continuous casting as mould powders 
was measured using a rotating spindle viscometer (Kim et al., 1992). Graphite crucible and 
spindle were used and the effect of slag composition was examined by varying; Li2O, Al2O3, 
B2O3, MgO, Na2O, F and CaO/SiO2 ratio to a base slag containing 6% Al2O3, 35% CaO, 3% 
Li2O, 0.6% Fe2O3, 5% MgO, 11% Na2O, 38% SiO2. Addition of CaO, F, Li2O, Na2O, and 
MgO each decreased the viscosity and the activation energy for viscous flow, addition of 
Al2O3 increased the viscosity and the activation energy, while B2O3 addition decreased the 
viscosity but increased activation energy. The authors reported that from the results of the 
study a mould powder for high speed casting had been developed which has optimum 
conditions and a lower F content, by adding a small amount of Li2O and B2O3 to the basic 
mould flux. 

Table IV Viscosity measurements  presented at the 4th conference (Sendai). 
System Method  Material Temperature 

range(°C) 
Reference 

Al2O3-Li2O- SiO2*  Various Various 1100-1400 Broadbent et al., 1992 

Al2O3-Li2O- SiO2* Oscillating plate  1100-1400 Iida & Tanaka, 1992 

Al2O3-CaO-Li2O-Fe2O3-MgO-
Na2O- SiO2. 

Rotating cylinder Graphite  Kim et al., 1992 

*Standard Reference <1% impurity oxides 

1997 

The next symposium was held in Sydney (Molten Slags, Fluxes and Salts ’97, 1997) and the 
ppers that presented new viscosity data are presented in Table V.  

The simple test for measuring viscosities which was presented at the 2nd Slag conference 
(Mills, 1984) was extended to a round robin study involving 6 laboratories using reference 
slags (Mills et al., 1997). The method was based on an inclined plate technique and correlated 
the string length to the known viscosity. The viscosity of Al2O3-CaO-CaF2-Na2O-SiO2 (+ 
impurities) slags and the SRM slag (Broadbent et al., 1992) was measured at NPL or 
Metallurgica using the rotating cylinder method with Mo or Pt components respectively. The 
authors claimed that viscosities predicted by a correlation of the reciprocal of the string 

                                                           
† No viscosity measurements were detailed in the abstract presented. 

375



length were within ± 15% of the real value. A key factor was to ensure that the melt was at 
least 100°C higher in temperature than the solidus temperature. Several other viscosity 
measurement papers also presented data where there had been prior calibration of the hot 
system using the SRM slag and the protocols for viscosity measurement (Broadbent et al., 
1992; Hurst et al., 1997; Ji et al., 1997; Wright et al., 1997). Measurements on mould flux 
slag were also presented by Sorimachi (1997) using the rotating cylinder viscometer with 
graphite components.  

Wright presented a paper on viscosity measurements of lead slags in which lime was 
substituted for some of the lead oxide (Wright et al., 1997). The measurements were 
performed using the protocols developed for the SRM (Mills et al., 1991; Broadbent et al., 
1992) and Pt-Rh components were used in an air atmosphere. The equipment was calibrated 
using a sample of SRM and the agreement between the measurements and the recommended 
SRM values was within the quoted experimental uncertainties. The key finding was that both 
CaO and PbO are network breakers, with PbO being more effective than CaO, as the 
viscosity of CaO-PbO-SiO2 melts was greater than PbO-SiO2 melts at a constant silica 
content. At the low concentration of CaO added to the melt, CaO was thought not to change 
the liquid structure, so the difference in viscosity was attributed to the differences in the 
interaction strengths of the cations (Pb, Ca) and the oxygen containing anions. 

Three papers on the viscosity of borosilicate melts were presented (Nakashima et al., 1997; 
Reddy et al., 1997; Shiraishi et al., 1997), with one study measuring the viscosity of solid 
glasses and the fully liquid melt using a viscometer developed to study both states (Shiraishi 
et al., 1997). The results on B2O3 and Na2O-SiO2 glasses and melts were in good accord with 
the literature. 

The viscosity of the pseudo four component Al2O3-CaO-FeOx-SiO2 system was measured in 
air (Hara et al., 1997) and reducing conditions where the Fe3+/Fe2+ ratio was 0.1 (Hurst et al., 
1997). Hara et al., measured the viscosity of slags at a constant CaO/SiO2 ratio and 
temperature, and varied the Al2O3 and Fe2O3 contents between 0 and 50%. The viscosity 
increased as the alumina content increased to 40%,. For example at 1500°C, the slag 
containing 25% CaO, 25% SiO2 and 10% Al2O3 and 40% Fe2O3 had a viscosity of 0.8 Pa s. 
The slag with the same lime and silica contents and containing 40% Al2O3 and 10% Fe2O3 
had a viscosity of 9 Pa s. The authors concluded that at CaO/SiO2 = 1, alumina is an 
amphoteric oxide and acted as a network former. The Hurst et al. study focused on measuring 
the viscosity of low iron coal ash slags and modelling the viscosity behaviour. When the 
viscosity data were plotted on a ternary Al2O3-CaO-SiO2 diagram, in the region where the 
Al2O3/SiO2 ratio was between 0.25 and 0.95, the iso-viscosity lines ran parallel to the lines of 
constant lime composition, so Al2O3 was acting as a network former. A modified Urbain 
model (Urbain et al., 1981) was fitted to their data for Al2O3-CaO-FeOx-SiO2 slags 
containing less than 5% FeO and had satisfactory fits over the limited composition range 
studied.  

Ji et al. (1997) made measurements on a number of key systems in order to develop a 
viscosity model for the CaO-FeOx-MnO-SiO2 system. They used iron components to measure 
viscosity and calibrated the viscometer system using a reference slag (Mills et al., 1991; 
Broardbent et al., 1992). There was generally good agreement with other studies for the 
systems studied which included the CaO-FeOx-SiO2, CaO-MnO-SiO2 and CaO-FeOx-MnO-
SiO2. The viscosity model developed gave a good representation of the data. Several other 
viscosity modelling studies were reported at the conference: correlating viscosity with 
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chemical composition (Hurst et al., 1997) optical basicity and basicity index (Seshadri et al., 
1997; Iida et al., 1997) and a structural model (Zhang and Jahanshahi 1997). 

Table V New viscosity measurements presented at the 5th conference (Sydney). 

System Method Material Temperature 
range Reference 

Al2O3-Li2O-SiO2* 
CaO-PbO-SiO2 Rotating cylinder Pt-Rh 1100-1400°C Wright et al., 1997 

Al2O3-Li2O-SiO2* Rotating cylinder Mo 
Pt 1200-1400°C Mills et al., 1997 

B2O3-BaO-SiO2 
B2O3-CaO-SiO2 
B2O3-K2O-SiO2 
B2O3-Na2O-SiO2 

Rotating cylinder Pt-20%Rh 

1000-1550°C 
1100-1550°C 
800-1150°C 
840-1180°C 

Nakashima et al., 
1997 

B2O3-Na2O-SiO2 Rotating cylinder N/A 677-1050°C Reddy et al., 1997 

B2O3-Na2O-SiO2 
Na2O-SiO2 

Indentation 
Parallel plate 
Rotating plate 

S. Steel 200-1200°C Shiraishi et al., 1997 

Al2O3-CaO-Fe2O3- SiO2 
Counter-balanced 

sphere 
Pt &Pt-
20%Rh 1400-1623°C Hara et al., 1997 

Al2O3-Li2O-SiO2* 
Al2O3-CaO-FeO-SiO2 

Rotating cylinder Mo 1000-1300°C 
1450-1500°C Hurst et al., 1997 

Al2O3-Li2O-SiO2* 
CaO-Fe2O3-SiO2 
Fe2O3-MgO-SiO2 
Fe2O3-MnO-SiO2 
CaO-MnO-SiO2 

CaO-Fe2O3-MnO-SiO2 

Rotating cylinder Fe 

1000-1300°C 
1150-1480°C 
1335-1480°C 
1250-1480°C 
1300-1480°C 
1300-1480°C 

Ji et al., 1997 

Al2O3-CaO-F-Na2O-SiO2 Rotating cylinder Graphite  Sorimachi, 1997 
*SRM with <1% impurity oxides. See Broadbent et al.,1992 for full details. 
N/A 

2000 

Helsinki and Stockholm were the venue cities for the sixth conference in the series, referred 
to as Molten 2000 (SIXTH International Conference on Molten Slags, Fluxes and Salts, 
2000) and the viscosity measurements are summarised in Table VI. At this conference 
viscosity measurements by Hurst and co-workers on the Al2O3-CaO-FeOx-SiO2 system which 
had been presented at the Sydney meeting (Hurst et al., 1997) were extended to higher iron 
oxide contents of up to 15 % (Hurst et al., 2000). At 1450°C, some of the high iron oxide 
slags exhibited non-Newtonian behaviour, which may have been due to the presence of solid 
phases in the melt. For the slags in which the measurements were Newtonian, at 10 to 15% 
FeO levels in the slag, the iso-viscosity lines were parallel to the lines of constant CaO 
content when plotted on a pseudo three component Al2O3-CaO-SiO2 diagram. The viscosity 
measurements were used to develop a fluxing practise for coal gasifiers. In a similar manner, 
the viscosity of blast furnace type slags containing FeO was measured using a rotating 
cylinder viscometer with iron components (Sugiyama, 2000) and the measured data were 
fitted to an empirical viscosity model. This model was then used in a mathematical model of 
the lower region of the blast furnace to develop a picture of the flowing characteristic of the 
liquid inside the blast furnace. 
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Two papers relevant to the viscosity of non-ferrous smelting slags were presented at the 
conference. The viscosity of magnesia containing iron silicate slags of relevance to nickel 
matte smelting was presented by Ducret and Rankin (2000) using iron components. They 
found that the viscosity decreased significantly as the Fe/SiO2 ratio was increased in the 
range 1.3 to 2.00. The addition of low levels of CaO or MgO lowered the viscosity. Above a 
certain concentration, the addition MgO increased the viscosity. The MgO content at which 
the viscosity began to increase decreased with increased CaO content. Viscosity 
measurements on industrial Mistubishi slags measured by the rotating cylinder method using 
a magnesia crucible and spindle were presented by Hasegawa and Tanaka (2000). They 
reported an empirical equation for estimating slag viscosities from the slag composition and 
temperature, derived by using viscosity modulus kv = (FeO+CaO+MgO)/(Al2O3+SiO2) fitted 
to an Arrhenius-type equation.  

Also relevant to non-ferrous smelting was the study by Zhang and Reddy (2000) on the 
viscosity of industrial lead slags with high lead oxide contents. A rotating cylinder viscometer 
with graphite components was used. The magnitude of the measurements were similar to 
literature values‡.  

The viscosity measured as a slag transitions from glassy to molten state was reported by 
Shiraishi et al. (2000). Boron oxide rich B2O3-K2O-SiO2 slags were studied using a 
viscometer capable of two different measurement techniques, a penetration method and a 
rotating cylinder (crucible). The measured values agreed well with previous measurements on 
both the glassy and molten states. 

The effect of solid particles on the viscosity of liquid slags was presented by Wright et al. 
(2000). The viscosity of a calcium ferrite slag containing Fe3O4 particles up to a volume 
fraction of 0.1 was measured and compared with a previous study of the viscosity of a blast 
furnace type slag containing spinel particles (Wright et al., 2000). The viscosity of both 
slag/solid particle mixtures increased as the volume fraction of particles increased. The 
mixtures all showed apparent “Bingham” behaviour; that is; the viscosity decreased as the 
shear rate increased.  

Several papers on modelling the viscosity of silicate melts was presented (Bjorkvall et al., 
2000; Mogutnov et al., 2000; Wang et al., 2000; Zhang and Jahanshahi, 2000) mainly using a 
structural approach. Mills reported on the results of a “Round robin” study comparing 
viscosity model predictions with experimental data (Mills et al., 2000). The findings were 
that the bulk of the experimental viscosity-temperature-composition data held in the 
databases are probably subject to uncertainties of ± 20%. The estimated accuracy of 
viscosities for mould fluxes using the models (in terms of the global Δ values) are modified 
Iida (25%), Riboud (30%), Gupta (35%), NPL(37%).  The Zhang, KTH and modified Iida 
models all performed well (Δ ~20%) for slag systems without fluorides (Gupta and Santra, 
1994; Gupta et al., 1998; Iida et al., 1989; Iida et al. 2000; Mills and Sridhar, 1999; Riboud 
and Larrecq, 1979; Seetharaman et al., 1999; Zhang and Jahanshahi, 1998). 

                                                           
‡The buoyancy of the lighter bob in dense lead slags is likely to lead to higher measurement uncertainty due to 
displacement or wobble and possible generation of gas bubbles due to reduction of lead in the slag, compared to 
using a metal bob of Mo or Pt-Rh alloy.  
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Table VI  Systems with new viscosity data presented at the 6th meeting (Stockholm and Helsinki). 

System Method Material Temperature 
range (°C) Reference 

Al2O3-Li2O-SiO2* 
Al2O3-CaO-FeO-SiO2 

Rotating cylinder Mo 1000-1300 
1450-1500 Hurst et al., 2000 

Al2O3-CaO-FeOx-MgO-SiO2 
Al2O3-CaO- MgO-SiO2 

Rotating cylinder Fe 
Graphite 

1350-1500 
1400-1600 Sugiyama, 2000. 

CaO-FeO-Fe2O3-MgO-SiO2 Rotating cylinder Fe 1200-1400 Ducret & Rankin, 
2000. 

Al2O3-CaO-Cu2O-FeOx- 
MgO-SiO2-ZnO Rotating cylinder MgO 1150-1250 Hasegawa & Tanaka, 

2000. 
Al2O3-CaO-Cu2O-FeOx- 

MgO-NiO-PbO-S-SiO2-ZnO Rotating cylinder Graphite 1050-1300 Zhang & Reddy, 2000 

CaO-FeOx
+

 
Al2O3-CaO-MgO-SiO2

# 
Rotating cylinder Pt-Rh 1280 

1373 Wright et al., 2000 

B2O3-K2O-SiO2 
Penetration 

Rotating cylinder N/A 200-1000 Shiraishi et al., 2000 

*SRM with <1% impurity oxides. See Broadbent et al.,1992 for full details. 
+Fe3O4 particles added to slag 
#MgO.Al2O3 particles added to slag 
N/A Not available 

2004 

The seventh meeting was held in Capetown in 2004, and many of the presentations were 
focussed on the smelting processes operating in South Africa including ferro-alloy 
production, the Pt industry and titania industries (Table VII). The viscosity of industrial slags 
relevant to the South African platinum industry containing solid chrome spinel particles was 
reported by Somerville and co-workers (2004). Non-Newtonian behaviour at low 
temperatures was observed for some of the slags and this was attributed to the presence of 
dispersed of spinel particles, and in some cases a second Olivine or Pyroxene solid phase. 
Eric (2004) presented a review paper of physical property measurements including viscosity 
of homogeneous Al2O3-CaO-FeO-MgO-SiO2 slags covering a broad range of composition 
and relevant to South African platinum industry. A keynote paper on the viscosities of slags 
was presented by Seetharaman et al., (2004). He noted that there are only a few high 
temperature viscosity measurement techniques, with the rotating cylinder viscometer the 
most used experimentally. The main sources of experimental error can be grouped into: 

� Instrumental  
� Materials factors 
� Hydrodynamics. 

Readers can refer to the paper for details of the arising uncertainties. A key message was that 
any one, or a combination of, these factors can lead to significant errors and corresponding 
misinterpretation of measured data. Repeatability on different instruments at different shear 
rates would reduce uncertainties significantly. Uncertainties can also be reduced with 
calibration using certified oils and high temperature melts. Seetharamen et al., also found that 
with a well calibrated system, when metal spindles and crucibles were used, there was little 
difference between the measured values, irrespective of whether the material was platinum 
30% rhodium, molybdenum, ARMCO iron or nickel. Variations in reported viscosity values 
for laboratories using good practice on Newtonian melts are less than 10%.  
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The authors thought that measurements of surface viscosity, two phase mixtures and dynamic 
viscosity should be extended. Surface viscosities (shear and dilatational or Marangoni), are 
needed to fully describe and comprehend interfacial phenomena; however the high 
temperature challenges are great; the kinetics of surface changes has to be understood, as well 
as the chemistry of the equilibrium surface. Low temperature methods may not be applicable 
at high temperature and the technique needs development. Viscosity measurements on 
dispersed two phase mixtures are needed since most smelting processes have mixed liquid 
phases (eg, metal droplets dispersed in a slag) or the slag is saturated with a primary phase. 
There has been some experimental progress with these measurements. Dynamic viscosity 
measurement would be useful in following changes in structure due to chemical reactions,(eg 
redox reactions), or dissolution of an oxide.  

The effect of TiO2 on the viscosity of Al2O3-CaO-MgO-SiO2-TiO2 slags was investigated 
using a rotating cylinder viscometer under reducing conditions and Mo bob (Xie et al., 2004). 
The viscosity increased with reduction time due to the formation of solid TiC with an 
accompanying change in oxidation state of the slag, with TiO being formed in the slag. In 
non-reduced slags, addition of TiO2 caused a slight reduction in viscosity, but in reduced 
slags, the viscosity increased. The authors argued that although the solids had an impact on 
increasing the viscosity, the size of the increase was greater than expected for a few percent 
of solids, and that the formation of TiO in the slag must be the major reason for the higher 
viscosity. 

Viscosities of quasi-ternary CaO-SiO2-CrOx melts in contact with metallic chromium were 
measured by the rotating cylinder method up to 1750°C (Forsbacka and Hollapa, 2004) using 
a Mo bob and crucible. The slag compositions were in the range of 20–55 wt% SiO2, 10–45 
wt% CaO and 10–60 wt% CrOx, with the amounts of CrO and Cr2O3 estimated from 
equilibrium measurements (Xiao, 1993). The viscosity for slags of fixed basicity decreased as 
the CrOx content of the slag increased.  

Viscosity measurements on the CaO-Cu2O-CuO-MgO-SiO2 system containing ~ 63 wt% 
SiO2 were carried out using the rotating cylinder technique with Pt-Rh bob and crucible in air 
were reported (Wright, 2004). Initial measurements were on CaO-SiO2 slag to which 
incremental additions of CuxO-MgO-SiO2 slag with the same silica mole fraction were made. 
The viscosity-temperature relationship was measured for slags with ‘Cu2O’contents between 
0.02 and 10.0 wt%. The viscosity of the slag containing 10 wt% CuxO was nearly 4.5 times 
smaller than the binary CaO-SiO2 slag. As the silica mole fraction (xSiO2) was constant 
(0.61±0.01), CuxO acted as a network breaker and appeared to have a stronger effect on 
lowering the viscosity than FeO or MnO has on a molar basis. Wright also presented work on 
the effect of Fe3+/Fe2+ ratio on the viscosity of FeOx-SiO2 melts under controlled oxygen 
potentials with CO2/CO gas mixtures (Wright and Zhang, 2004). In order to keep the slag 
composition and the Fe3+/Fe2+ ratio constant, the CO2/CO ratio was kept constant as the 
temperature was varied. Increasing the Fe3+ content had little effect on viscosity for slags 
with a silica mole fraction of 0.31. At higher silica contents, increasing the Fe3+ content 
brought a small decrease in the viscosity. 

Park and co-workers (2004) measured viscosity of Al2O3-CaF2-CaO-MgO-SiO2 melts and 
subsystems with the rotating cylinder technique with Pt-Rh bob and crucible. They related the 
changes in viscosity to the changes in the silicate polymer network measured by IR spectra 
on the quenched glassy slags. Fluorine addition depolymerised the melt and alumina showed 
amphoteric behaviour in the aluminosilicate melts which was correlated to the effect of 
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[AlO4]- tetrahedra and [AlO6]-octahedra, on the stability of silicate polyanions by taking the 
activity coefficients of slag components into account.  

The viscosities of Al2O3-CaO-FeO-MgO-SiO2 slags containing 10 to 13% alumina and 5 to 
10 percent magnesia at basicity ratios of 1.15 to 1.6 with varying iron oxide content were 
measured using the rotating cylinder approach with an iron bob and Pt-10% Rh crucible (Lee 
et al., 2004). Viscosity decreased with increasing FeO content at a fixed basicity of slag. At 
constant iron oxide content, viscosity decreased with increasing slag basicity up to 1.3, and 
increased as slag basicity increased from 1.3 to 1.5. The viscosity at low FeO (<7.5 %) 
exhibited a minimum value when the MgO content was varied. The authors considered that 
depolymerization of silicate network at CaO/SIO2 ≤ 1.3 decreased the viscosity and at higher 
basicity, a primary solid phase increased the viscosity.  

The ideal properties of mould fluxes for thin slab casting was discussed and viscosity 
measurements for three industrial fluxes presented (Kromhout et al., 2004). Although 
viscosity is important, melting behaviour and addition of fine carbon to expedite melting is 
critical to the performance of the flux.  

Measurements on molten salts (Na2O, ZnCl2) using a novel gliding cylinder method, which is 
a combination of the falling or counterbalanced sphere method and a moving capillary 
method, gave reliable low viscosity measurements with values in agreement with other 
literature values. (Shiraishi and Sakurai, 2004). A key outcome of this technique should be 
the development of a wide range viscometer:  capable of measurements between 100 Pas and 
0.05 Pa s at high temperature. 

Several papers were on modelling the viscosity behaviour of melts, either using empirical fits 
to the data or underlying principles around the structure of the melt (Forsbacka and Holappa; 
2004; Hurst et al., 2004; Jia 2004; Kondratiev and Jak; 2004; Zhang and Jahanshahi, 2004) 

Table VII Systems with new viscosity measurements at the VII international slag conference (Capetown). 

System Methodt Materials Temperature 
range (°C) Paper 

CrOx-CaO-SiO2 
Rotating 
cylinder Mo 1450-1750 Forsbacka & Holappa, 

2004 
Al2O3-CaO-FeOx-MgO-SiO2 - -  Eric,2004 

Al2O3-CaO-FeOx-MgO-SiO2 
Rotating 
cylinder Pt-Rh  Lee et al., 2004. 

Al2O3-CaF2-CaO-MgO-SiO2 
CaF2-CaO-MgO-SiO2 

CaF2-CaO-SiO2 

Rotating 
cylinder Pt-Rh 1300-1600 Park et al., 2004 

NaNO3 
ZnCl2 

Gliding 
cylinder* Fe 300-380 Shiraishi & Sakurai, 

2004 
Al2O3-CaO-CrOx-FeOx-MgO-

MnO-NiO-SiO2 
Rotating 
cylinder Mo 1350-1550 Somerville et al., 2004 

CaO-CuxO-MgO-SiO2 
Rotating 
cylinder Pt-Rh 1393-1580 Wright, 2004 

FeOx-SiO2 
Rotating 
cylinder Pt-Rh 1200-1300 Wright & Zhang, 2004. 

Al2O3-CaO-MgO-SiO2-TiO2 
Rotating 
cylinder Mo 1393-1512 Xie., 2004 

Al2O3-CaO-F-MgO-Na2O-
SiO2 

Rotating 
cylinder N/A 1300 Kromhout et al., 2004 
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*See text for explanation 

2009 

The 2009 meeting was at Santiago, Chile in January (Molten 2009, 2009), with plenty of 
interest in viscosity measurement and modelling (Table VIII). Wang et al., (2009) presented 
data for the Al2O3-CaO-MgO-SiO2-TiO2 system where titania was varied from 20 to 40 wt% 
at constant Al2O3, MgO and CaO/SiO2 ratio. The viscosity was determined as the slag cooled 
from 1550°C at 2 °C per minute§. 

The effect of alkali oxides (K2O, Li2O and Na2O) and alkali earth oxide (BaO and MgO) on 
the viscosities of CaO-SiO2-Al2O3 slags was also reported at Molten 2009 (Sukenaga et al., 
2009) where the rotating cylinder technique with a Pt-Rh bob and crucible was used. For 
slags containing 20% Al2O3, and at basicities (CaO/SiO2) of 0.67, 1.00 or 1.22, addition of 
Li2O or Na2O up to 30 wt% decreased the melt viscosity, with Li2O more effective than 
Na2O, while addition of K2O up to 15% increased the viscosity. At a basicity of 0.67, 
addition of MgO or BaO decreased the viscosity, with MgO more effective than BaO, and at 
the higher basicities, MgO addition decreased viscosity, while BaO increased the viscosity. 
At a constant MgO content, the effect of MgO on reducing viscosity decreased as the basicity 
increased and, for constant BaO, the impact shifted from decreasing viscosity to increasing 
viscosity as the basicity increased from 0.67 to 1.22. The authors presented a structural 
analysis based on 27Al MAS-NMR spectra which indicated that the amount of Al3+ in 
tetrahedral coordination (Al3+(4)), which behaved as a network-former, was increased with 
addition of R2O, but was independent of the alkali oxide. 

The effect of high alumina content on viscosity in the Al2O3-CaO-MgO-SiO2 system and the 
effect of Na2O addition on the viscosity of synthetic blast furnace slags containing 20% 
Al2O3 and 10% MgO, and basicities of 0.8, 1 and 1.2 was presented in two papers at the 
conference (Kim et al., 2009; Kim et al., 2009a). When measuring viscosity, the rotating 
cylinder technique with Pt-Rh crucible and spindle were used and measurements were made 
at thermal equilibrium, Composition changes were checked with chemical analysis. Addition 
of Na2O decreased the viscosity at a constant CaO/SiO2 ratio, with the effect decreasing as 
the basicity increased from 0.8 to 1.2 in the Al2O3-CaO-MgO-Na2O-SiO2 system. The authors 
concluded that alumina behaved as an amphoteric oxide in both the CaO-SiO2-Al2O3 and 
Al2O3-CaO-MgO-SiO2 systems. This was confirmed by measuring viscosity and FT-IR 
spectra and thermodynamically demonstrated from the excess stability function proposed by 
Darken (Darken, 1967) as a function of the alumina content. 

The viscosity of CaO-FeO-SiO2 slags, with and without alumina and/or copper oxide was 
measured using magnesia components (Cabrera et al., 2009). The authors also used a 
ramping temperature approach, where the furnace was cooled at a rate of 4 degrees per 
minute. The measurement uncertainties of this approach would be higher than other 
studies§,**.  

                                                           
§It is very likely that thermal equilibrium was not attained and the viscosity was lower than that at thermal 
equilibrium at the same temperature. 
**The density difference between the slag and the measuring spindle will be relatively small compared to using a 
metallic spindle, so that uncertainties due to displacement or wobble will be greater.  Magnesia will react with 
the slag, forming magnesia-ferrite or magnesia wustite on the crucible and bob surfaces depending upon the 
oxygen partial pressure (Fukayama et al., 1997; Kaur et al., 2011) changing the slag chemistry at the interface 
and the texture of the spindle surface. 
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Matsuzono et al. (2009) studied the effect of Na2O on the viscosity of synthetic mould flux 
slags (CaF2-CaO-Na2O-SiO2). The viscosity was measured using a rotating cylinder 
viscometer using iron components. The viscosity decreased with increasing Na2O/CaO ratio 
at a constant SiO2 content. This was thought to be from the breaking of the electrostatic 
bonding of Ca2+ by the substitution of one Ca2+ ion with two Na+ ions.  

Kromhout et al. (2009) reported on the viscosity of several commercial mould fluxes being 
used in trials for development of thin slab casting. The measurements were performed using 
an oscillating plate viscometer and under a cooling rate of 2°C/m.  

The Al2O3-CaO-CrOx-MgO-SiO2 system was studied systematically with measurements and 
modelling by Hollapa and Forsbacka (2009) continuing on from the results presented at the 
previous meeting (Hollapa and Forsbacka, 2004) and the doctoral study by Forsbacka (2007). 
The viscosity measurements were made with either Mo or Cr metal components and under 
neutral or fixed oxygen partial pressure. Both CrO and Cr2O3 had basic network modifying 
character with CrO having a slightly stronger effect. 

Table VIII Summary of the viscosity measurements presented at Molten 2009 (Santiago). 

System Method Material Temperature 
range (°C) Paper 

Al2O3-CaO-MgO-SiO2-TiO2 Rotating cylinder Mo 1393-1512 Wang et al., 2009 
Al2O3-CaO-FeOx-SiO2 

Al2O3-CaO-Cu2O-FeOx-
SiO2 

CaO-FeOx-SiO2 

Rotating cylinder MgO 1180-1370 Cabrera et al., 2009 

Al2O3-CaO-CrOx 
Al2O3-CaO-MgO- SiO2 
Al2O3-CrOx-MgO- SiO2 

CaO-SiO2 
CaO-MgO-SiO2 
CrOx-CaO-SiO2 

CrOx-CaO-MgO-SiO2 
CrOx-MgO-SiO2 

MgO- SiO2 

Rotating cylinder Mo 1450-1700 Holappa and 
Forsbacka, 2009 

CaO-Na2O- SiO2 
CaF2-CaO-Na2O-SiO2 

Fe Fe 1277-1477 Matsuzono et al., 
2009 

Al2O3-CaO-K2O-SiO2 
Al2O3-CaO-Li2O-SiO2 
Al2O3-CaO-Na2O-SiO2 
Al2O3-BaO-CaO-SiO2 
Al2O3-CaO-MgO-SiO2 

Pt-20%Rh Pt-20%Rh 1400-1600 Sukenaga et al., 2009 

CaO-K2O-SiO2 
CaO-FeOx-PbO-SiO2-ZnO 

Al2O3-CaO-FeOx-MgO-SiO2 
Rotating cylinder 

Mo 
Pt/Al2O3 

Pt-10%Rh 

1100-1400 
800-1000 

1300-1330 
Zhao et al., 2009 

Al2O3-CaO-FeOx-MgO-SiO2 Rotating cylinder Pt-10%Rh 1200-1300 Zhao et al., 2009a 
Al2O3-CaO- MgO-SiO2 
Al2O3-CaO-MgO-Na2O-

SiO2 

Rotating cylinder Pt-10%Rh 1273-1500 Kim et al., 2009 

Al2O3-CaO- MgO-SiO2 Rotating cylinder Pt-10%Rh 1500-1550 Kim et al., 2009a 
Al2O3-CaO-F-MgO-Na2O-

SiO2 
Oscillating plate N/A 1300 Kromhout et al., 

2009 
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The viscosity of three types of synthetic slags relevant to industrial processes were reported 
by Zhao et al. (2009) using viscosity bobs suited to the slag being measured. For a standard 
glass, a platinum spindle was used, for a K2O-CaO-SiO2 slag, molybdenum crucible and 
spindle in an argon atmosphere; for a synthetic high lead slag in the Al2O3-CaO-FeOx-MgO-
PbO-SiO2-ZnO system, alumina components were used in an air atmosphere, and for a 
copper smelting slags in the Al2O3-CaO-FeO-Fe2O3-MgO-SiO2 system, Pt-Rh components 
under a controlled CO2/CO ratio were used to ensure that the slag was at equilibrium. The 
same team also presented further measurements on the Al2O3-CaO-FeO-Fe2O3-MgO-SiO2 
under controlled oxygen partial pressure (Zhao et al., 2009a). The effect of oxygen potential 
and the Fe2+/Fe3+ ratio on the viscosity of fully liquid slag was small at the oxygen partial 
pressure range studied. 

The modelling papers continued the theme of linking viscosity and melt structure (Decterov 
et al., 2009; Jak, 2009; Robelin et al., 2009; Shu et al., 2009; Wang et al., 2009) although 
novel approaches such as the use of neural networks continue to be applied (Hanao et al., 
2009). 

2012 

At Molten 2012, which was held in Beijing, several papers were presented describing new 
viscosity measurements at high temperatures (Table IX). Of interest in estimating high 
temperature measurement uncertainties, Wu et al. (2012) carried out a detailed study using 
standard oils on the measurement uncertainties introduced by fixed shafts, flexible shafts, non 
vertically hanging bobs, and wobble from long and bent shafts that might occur in high 
temperature experiments. They found that uncertainties were minimised by using flexible 
couplings between the viscometer and the bob shaft, which also reduced uncertainties 
introduced by the bob not being parallel to the crucible. The uncertainties were between 4 and 
6% and were independent of the shear rate. When the bob was not aligned vertically with the 
crucible, the uncertainties increased as the alignment worsened and became larger on the 
higher viscosity oil. When flexible couplings were used, the side motion or angular 
displacement of the bob was the same regardless of the oil viscosity and the alignment of the 
bob. When longer shafts were used, the measurement uncertainties decreased as the viscosity 
of the oil used increased. The uncertainties decreased as the rotation speed increased as the 
bob tended to centralise. In low viscosity oils, uncertainties were greater if the bob was not 
vertical, and in high viscosity oils, the bob angle had little impact on the uncertainty. Side 
movements decreased as the viscosity of the oil increased. The uncertainties expected for a 
rotational dynamics component of the bob in the liquid of a typical rotating cylinder 
viscometer hanging in a furnace therefore is 4-5%, providing the bob is rotating smoothly in 
the liquid and the viscosity is high enough to dampen angular or side motion. In calculating 
the overall uncertainties, other uncertainties must be considered, such as, wall effects 
between the crucible and bob, the standard oil uncertainty and at high temperatures, the 
thermal expansion of the bob, temperature measurement uncertainties etc. 

The effects of possible combinations of container and measuring spindle on the viscosity of 
coal ash slags was presented by Zhu et al. (2012). For one coal ash slag which was nearly 
saturated with alumina, the post measurement analysis showed no significant dissolution of 
alumina ( crucible or spindle) or zirconia (crucible) into the slag. For this slag which 
contained 18% FeOx, when iron containers and spindles were used in inert atmospheres, the 
viscosity values were larger than those measured using Al2O3 spindles. Reactions between 
the iron oxide and metallic iron changed the spindle surface morphology, roughening the 
surface and forming a significant volume of solid iron particles which would affect the 
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viscosity near the bob surface. For the other coal ash slag studied, only alumina spindles were 
used, and these were attacked by the slag. The viscosity results were interpreted in terms of 
formation of a dispersed solid primary phase in the slag. 

Sukenaga et al. (2012) showed for R2O-FeOx-SiO2 melts, where R was either K, Na or Li, 
and the FeOx content was 10% and using Pt-Rh alloy components, the viscosity decreased as 
the Fe2+ content increased, consistent with studies on FeOx-SiO2 melts. For melts with 
constant silica content and Fe2+/Fe3+ ratio, Li2O was greatest at depolymerising the network, 
followed by Na2O, and least effective was K2O. A similar trend, with Na2O lowering 
viscosity more than K2O was observed in synthetic blast furnace type slags (Kim and Moon, 
2012). Na2O reduced the viscosity of melts containing 20% Al2O3 and 10% MgO at 
CaO/SiO2 ratios between 0.8 and 1.2, whereas K2O addition had no effect on viscosity at 
CaO/SiO2 = 1.2, and increased the viscosity at lower basicity. In high alumina slags, addition 
of K2O induces Al2O3 to behave as an acidic oxide and stabilises the bridging oxygen linking 
the [AlO4]- tetrahedral. Thus, K2O would appear to preferentially interact with the [AlO4]- 
tetrahedra more than the [SiO4]- tetrahedra. 

The viscosity of selected compositions of the Al2O3-Cu2O-SiO2 system at Cu saturation was 
measured for slags with high copper contents (Chen et al., 2012) using alumina crucible and 
bob. There are few viscosity data for high copper slags, and these data should be useful for 
viscosity model refinement, especially for predicting the viscosity of copper converting slags.  

Several authors studied the effects of solid phases on the viscosity assuming a homogeneous 
mixture of two phases, one being the slag, the other a saturating primary phase (Bronsch et 
al, 2012; Migas et al., 2012). In these studies, a thermodynamic model which predicts the 
proportion of liquid phase and solid phase and the chemistry of both phases was used to 
calculate the volume fraction of particles in the melt. The authors used experimental viscosity 
measurements, the volume fraction of solid particles and the predicted viscosity of the pure 
liquid at the temperature to determine the parameters of the Einstein-Roscoe equation : 

          

where η is the viscosity of the two phase mixture, η0 is the viscosity of the pure liquid slag, f 
is the volume fraction of particles, a and n are constants. For identical sized spherical 
particles a and n have values of 1.35 and 2.5, respectively. The reciprocal of the a value in 
the physical sense refers to the maximum concentration of particles in the slag at which the 
viscosity becomes infinite††.  

The viscosity measurements on Al2O3-CaO-MgO-SiO2 slags (Migas et al., 2012) show 
Newtonian behaviour for fully liquid slags and shear thinning behaviour for solid liquid 
mixtures, consistent with the earlier work on liquid plus solid mixtures, where solid 
MgO.Al2O3 particles were added to a melt at or very near to MgO.Al2O3 saturation (Wright 
et al., 2000). The viscosity behaviour with respect to shear rate suggests that particles were 
dispersed in the melt, rather than settling or adhering to the crucible or to the bob, as 
Newtonian behaviour would still be observed if that were the case. 

                                                           
††It should be recognised that physical effects such as supercooling, which may hinder phase formation at 
temperatures just below the liquidus and the uncertainties of both the experimental viscosity measurement and 
the thermodynamic model predictions when combined will give a total uncertainty of far greater than 20%, 
(Mills et al., 2000; Suzuki and Jak, 2012), so optimized the values of “a and n” in this case will have little real 
meaning. 
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Viscosities and liquidus temperature data for Chinese blast furnace slags and synthetic slag of similar 
composition except for the minor elements of S, Ti and Fe, were presented by Zhao et al., (2012). The liquidus 
temperatures of the synthetic slags are 40-50 °C higher than the corresponding industrial slags implying that the 
minor components in the blast furnace slag decreased the liquidus temperature. The viscosities of the industrial 
slags were between 0.3 and 0.4 Pa s at 1500°C. The viscosities of the synthetic slags were 30% higher than the 
corresponding industrial slags. As has been observed many times, silica had the greatest impact on viscosity, 
then other network formers and this difference may be attributable to a slightly higher SiO2+Al2O3 content in the 
synthetic slag (0.7 wt% difference), and the possible impact of sulphur in depolymerising the silicate network in 
the industrial slags. Viscosity measurements of blast furnace slags and development of a neural network model 
was also presented by Wang et al. (2012). Physical property measurements including viscosity of slags with 
varying CaF2 content in the Al2O3-CaF2-CaO-SiO2 system with relevance to reducing power usage in an electric 
arc furnace and F losses to the atmosphere were also presented (Wang, Li et al., 2012). A suitable slag with 
lower liquidus and a lower CaF2 content was recommended. 

Muhmood et al., (2012) presented a paper on dynamic interfacial tension measurements and the determination 
of interfacial viscosity with observations at the slag-metal interface during dynamic mass transfer. During an 
experiment a surface active element (S or O) was introduced and oscillations were observed at the slag/metal 
interface. These oscillations were analysed to extract information including the interfacial velocity and 
interfacial dilatational modulus. The variation in the dilatational modulus was due to the non-uniform 
distribution of surface active elements at the interface and also to the varying surface pressure. A methodology 
was put forward for estimating the interfacial shear viscosity. The authors believed that these measurements and 
estimations were the first of their kind.  

Table IX Systems studied where new viscosity measurements were presented at Molten 2012 (Beijing). 

System Method Material Temperature 
range (°C) Paper 

CaO-SiO2 
(+primary phase) Rotating cylinder Pt-30%Rh 1538-1600 Bronsch et al, 2012 

Al2O3-CuxO-SiO2 
CuxO Rotating cylinder Al2O3 

1200-1300 
1240-1305 Chen et al., 2012 

Al2O3-CaO- MgO-SiO2 
Al2O3-CaO-K2O-MgO-SiO2 

Al2O3-CaO-MgO-Na2O-
SiO2 

Rotating cylinder Pt-10%Rh 1500 Kim & Min, 2012 

Al2O3-CaO- MgO-SiO2 
(+primary phase) Rotating cylinder Graphite 1310-1400 Migas et al., 2012 

FeOx- K2O-SiO2 
FeOx-Li2O-SiO2 
FeOx-Na2O-SiO2 

Rotating cylinder Pt-20%Rh 1500 Sukenaga et al., 2012 

Al2O3- CaF2-CaO-SiO2 - - 1325-1500 Wang et al., 2012 
Al2O3-CaO-FeOx- MgO-

SiO2 
Rotating cylinder Mo 1390-1480 Wang, Zhao et al., 

2012 
Al2O3-CaO 
CaO-SiO2 

CaO-SiO2-TiO2 
Al2O3-CaO-Na2O-SiO2-TiO2 

Rotating cylinder Mo 

1350-1550 
1350-1600 
1240-1600 
1140-1400 

Wu et al., 2012 

Al2O3-CaO-FeOx- MgO-
SiO2 

Al2O3-CaO-FeOx- MgO-
MnO-S- SiO2-TiO2 

Rotating cylinder Mo 1410-1600 Zhao et al., 2012 

Al2O3-CaO-FeOx-K2O-
MgO-Na2O-SiO2 

Rotating cylinder 

ZrO2/Fe 
Fe 

Al2O3 
ZrO2/Al2O3 

1300-1500 Zhu et al., 2012 

386



A common feature of the viscosity models published at Molten 2012 are that they attempt to describe the 
viscosity data flowing from the underlying structure of the silicate melt (Guo et al., 2012; Lian et al., 2012; 
Mills et al., 2012; Suzuki and Jak, 2012; Zhang and Chou, 2012). Several approaches have been used to either 
simply correlate the structure to the composition of the melt (Lian et al., 2012, Mills et al., 2012) or calculate a 
structural parameter from a thermodynamic model that uses structure as its basis and then fit the viscosity data 
to the calculated structural parameters (Suzuki and Jak, 2012; Zhang and Chou, 2012). Guo et al. (2012) 
developed a viscosity model for the Al2O3-CaO-MgO-SiO2 system in which the model formulation is correlated 
to the structure and the mobility of an ion relative to pure SiO2. As there are no measurements of the mobility of 
an ion relative to SiO2, the model relies heavily on correlating the measured viscosity with a calculated structure 
based on melt composition. 

 

Trends and the future 

The rotating cylinder viscometer is the dominant viscometry approach used for measuring the 
viscosity of high temperature silicate melts, and since the work to develop a high temperature 
reference silicate slag by Mills and others (Broadbent et al., 1992), the protocols 
recommended from the work have generally been adopted, especially the use of inert metal 
spindles and containers, and post measurement chemical analysis of the slag to confirm the 
composition. Many publications have described laboratory viscometers where the atmosphere 
is controlled to protect reactive metals (Fe, Mo) from oxidation or an oxygen potential is 
maintained to study the effects of transition metal oxidation state ratio in the slag on the 
viscosity.  

The protocols for viscosity measurement should be further refined. Even if the composition 
of the melt studied has not changed from post chemical analysis, and there is minimal 
solubility of the crucible or spindle in the slag, a realistic appraisal of changes to the 
measuring spindle surface should be reported in the results. 

Innovation in high temperature viscometry is essential, as many high temperature melts have 
viscosities lower than the current rotating cylinder viscometers can measure accurately. The 
viscosity of silica-free systems, such as calcium ferrite based melts are at the limit of the 
rotating spindle viscometer. To measure low viscosity melts with a rotating cylinder 
viscometer, generally a much larger spindle is required than typically used. Largerr spindles 
have greater mass, may cost more to manufacture and be too heavy for the fine viscometer 
torque-measuring components and increase measurement errors. Alignment errors by rotating 
a heavy mass may be exacerbated. Although the demand may be less than for measurements 
on silicate based melts, there will be a need for accurate high temperature low viscosity 
techniques based on other approaches. 

The implications that a liquid slag may not be homogeneous and may contain a second solid 
phase and the impact that has on the viscous properties of slag are much better understood. 
The rapid increase in viscosity for a melt measured at temperatures below its liquidus is now 
understood to be due to the formation of a solid phase melt. However  it is also generally 
recognised that these measurements may not represent the “real viscosity” of the two phase 
melt, as there are too many unknowns in the measurement approach, including the need to 
have an accurate understanding of the phase diagram of the melt system. The effect of 
particle size and morphology of the soild particles are important varibles that are not well 
understood. Researchers are identifying more model systems and approaches to demonstrate 
and measure the viscosity of high temperature two phase mixtures which exhibit non-
Newtonian behaviour.  These systems can be studied with greater accuracy in establishing the 
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relationship between the solid fraction and viscosity than the traditional viscosity/temperature 
relationship at temperatures below the slag liquidus. 

Our understanding of the structure of the silicate network and how it is depolymerised by 
other oxides is key to further development of models that link chemistry and viscosity. 
Therefore experimental techniques that can elucidate high temperature structure play a vital 
role. Well designed dynamic viscosity measurements may also aid in developing 
understanding, especially if the silica content can be maintained at a constant level, for 
example changing the Fe3+/Fe2+ ratio in iron oxide containing slags. Dynamic experiments in 
which the changes in bulk chemistry, viscosity and structure can be measured simultaneously 
may help improve understanding of structural changes in the melt and the impact on the 
viscosity, and the relative ability of oxides to depolymerise the melt.  

Determining interfacial viscosities from dynamic interfacial measurements for high 
temperature systems is a new area of research and requires development of reliable 
measurement techniques. 

Concluding Remarks. 

There has always been much interest in the viscous behaviour of molten silicate slags at this 
series of meetings, and the sessions on viscosity were always well attended. Measurements 
on most of the industrially relevant slags for ferrous and non-ferrous metal production have 
been presented over the series of conferences, with consistent themes of improving process 
properties, ranking the viscous behaviour of oxides in melts, and developing a mathematical 
description of the behaviour. Measurements on many synthetic analogues of industrial slags 
and accompanying broadening of the composition range have also been presented. 

Viscosity measurement and modelling will always be responsive to the needs of industry, and 
especially the steel industry. For example, the impact of declining ore grades and increasing 
Al2O3 content in iron ores will drive research to look to fluxing and operational strategies that 
try to minimise flux addition and maintain the viscosity in the current range, so that the blast 
furnace operation is not negatively impacted and the pozzolanic qualities of quenched slag 
are maintained. Measurements will be needed to confirm the predicted strategies. Similarly 
for non-ferrous smelting, declining ore grades along with increased impurity elements could 
be a driver for re-designing slag and processing conditions.  

Many of the real advances over the period of the last nine conferences can be attributed to the 
energy and collaborative spirit of Professor Ken Mills, bringing industry, research 
laboratories and academics together to improve the quality of physical properties 
measurement.  This should be a lasting legacy of a very distinguished career. 
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Abstract

Based on the thermodynamic associate species model, a new viscosity model and database are 
currently being developed for the fully liquid system SiO2–Al2O3–CaO–MgO–Na2O–K2O–FeO–
Fe2O3–P2O5 and its subsystems in the Newtonian range. The modified Arrhenius model, 
employed in this database, is a structure-based viscosity model, in which the associate species 
link the viscosity to the internal structure of melts. Both the temperature- and composition-
induced structural changes of melts are then described by a set of monomeric associate species in 
combination with the critical clusters induced by self- and inter-polymerization. The viscosity,
therefore, is well described over the whole range of compositions and a broad range of 
temperatures by using only one set of model parameters, which have clear physico-chemical 
meaning. Moreover, the model is self-consistent, meaning the extension of viscosities from 
lower order systems to higher order systems is valid, and vice versa. 

Introduction

The knowledge of viscosity as a function of temperature and composition has important practical 
applications to a variety of industrial processes, such as soldering, fusion casting of ceramic 
materials, metallurgical processes, glass production, and coal combustion and gasification. By 
way of example, slag viscosity is identified as a significant process variable for metallurgical 
smelting and refining and also plays a key role in determining the optimum continuous casting 
conditions [1, 2]. In the field of glass, glass viscosity is regarded as an important parameter for 
all stages of the manufacturing process. Successful melting and fining require viscosities below 
20 Pa·s, whereas other processes such as blowing, pressing, drawing, and rolling require 
viscosities in the range from 102 to 106 Pa·s [3]. Accurate viscosity control improves the 
performance and efficiency of these processes, and for this purpose, viscosity-temperature-
composition relationships are needed. Extensive viscosity measurements have been made, but it 
is not practicable to provide data for all possible combinations of temperatures and compositions 
encountered in practice. Moreover, measuring viscosity is not only time consuming but also 
expensive. These factors result in an obvious demand for viscosity models, by which viscosities 
are rapidly calculated from temperature and composition. Due to complicated nonlinear 
relationships between viscosity and composition, many early viscosity models such as the 
Lakatos model [4], Urbain model [5] and Riboud model [6] are only valid in a limited range of
compositions. A new model is therefore developed to predict the viscosity of molten slags over 
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the whole range of compositions. The methodology is outlined using the system SiO2–Al2O3–
CaO–Na2O.

The viscosity model 

The viscosity as a function of temperature and composition essentially depends on the structure.
A comprehensive description of structural dependence is therefore required for the development 
of a new viscosity model. The idea of the current model is to link the viscosity to the associate 
species distribution obtained from the thermodynamic modified associate species model [7],
which has been successfully applied to describe the Gibbs energy of oxide melts. Due to the 
common structural basis of viscosity and Gibbs energy [8], the associate species in turn are 
assumed to be the common structural units. To effectively describe the structural dependence of 
viscosity, each associate species is transformed to a monomeric associate species (i.e. a discrete 
structural unit expressed with the formula that contains only one reference atom, marked in bold, 
in Table I). The monomeric associate species are defined as basic structural units, some of which 
can produce larger structural units (i.e. clusters) through self- and inter-polymerization, which 
cause a higher degree of roughness at atomic scale. Such increased roughness leads to an 
increased viscosity. This is because the nature of melt viscosity is an internal fluid friction. It is 
noted that the self- and inter-polymerization are taken into account only for silica and silicon-
aluminium based ternary associate species such as CaSi2Al2O8. Such ternary associate species 
contain the Al3+-based quasi-tetrahedra, which can further self-polymerize and inter-polymerize 
with the silica tetrahedra. Only when the size of a resulting cluster reaches a critical value [9], 
does the viscosity increase significantly. For the self-polymerization, in the current model only 
two critical silica clusters are employed, while for each ternary associate species involved only 
one critical cluster is employed. For the inter-polymerization, only one critical cluster is 
incorporated into the model. 

Table I. Associate species and structural units employed for the system SiO2–Al2O3–CaO
Compounds Associate species Structural units

SiO2 Si2O4 SiO2

Al2O3 Al2O3 AlO1.5

CaO Ca2O2 CaO

Al6Si2O13 ·Al6Si2O13 Al3SiO6.5

CaSiO3 CaSiO3 CaSiO3

Ca2SiO4 ·Ca2SiO4 Ca2SiO4

CaAl2O4 ·CaAl2O4 Ca0.5AlO2

CaSi2Al2O8 ·CaSi2Al2O8 Ca0.5SiAlO4

Each resulting structural unit has a relative contribution to viscosity, which can be described by 
the Arrhenius model. Consequently, the total viscosity of melts can be calculated by a linear 
combination of such relative contributions, given in Eq. (1).

ln = ln + ln 

= ( X ln ) + (ln . + ln .)
(1) 
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where: ln = A + B T,

ln . = (A( ) + B( ) T) (X )

                                       + (A( ) + B( ) T) (X( ) ),

ln . = (A( ) + B( ) T) (X( ) X ),

j = 1, 2.
k = 1, 2, 3 …

m = 1, 2, 3 …
(Si Al) and (Si Al) : the silicon-aluminium based ternary associate species.

and are the ideal viscosity and the excess viscosity respectively; X is the mole 
fraction of the monomeric associate species i; is the viscosity contribution from the 
monomeric associate species i; . is the excess viscosity resulting from the critical self-
polymerizations; . is the excess viscosity resulting from the critical inter-
polymerizations; n , n , and n are the integer coefficients that relate to a particular degree of 
polymerization; A and B are the temperature- and composition-independent constants,
respectively, for the ideal viscosity; A( ) , A( ) , and A( ) are the temperature-

independent constants for the excess viscosity; B( ) , B( ) , and B( ) are the 

composition-independent constants for the excess viscosity; T is the absolute temperature; X ,

X( ) , and (X( ) X ) are the weighting factors indicating relative contribution of
each associate species involved to the excess viscosity. The weighting factor is derived from the 
mole fraction of the critical clusters. In view of chemical equilibrium, for example, there is a 
dynamic equilibrium between the monomeric associate species SiO and the critical silica cluster 
(SiO ) , as shown in Eq. (2).

n SiO = (SiO ) (2)

The mole fraction of the critical silica cluster, therefore, can be calculated by the mole fraction of 
the monomeric associate species SiO2, as shown in Eq. (3).

X( ) = K X (3)

where: X( ) is the mole fraction of the critical silica cluster (SiO ) ; K is an equilibrium 

constant for a particular degree of polymerization. Here, the mole fraction in place of activity is 
used to calculate the mole fraction of the critical silica cluster. To simplify the equation to 
estimate the excess viscosity, the equilibrium constant K is implicitly incorporated into the 

model parameters A( ) and B( ) . It should be noted that a possible dependence of K on 

temperature is ignored.

399



Results and discussion

Pure oxides 

Figure 1 shows the calculated viscosities for pure oxides SiO2 and Al2O3 are in good agreement 
with the experimental data [10-15] and the viscosity decreases with increasing temperature. The 
temperature-induced structural change for the pure oxides Al2O3, CaO, and MgO is described 
using only the monomeric associate species. In contrast, the temperature-induced structural 
change for the SiO2 is described by the coexisting monomeric associate species SiO2 and two 
common critical silica clusters (SiO2)6 and (SiO2)109, which are obtained by fitting experimental 
data for both pure molten silica and the relevant SiO2-based binary systems. 

Figure 1. Model performance for pure oxides (a) SiO2 and (b) Al2O3

It is noted that the viscosity of SiO2 is much greater than that of Al2O3. In a pure silica melt, the 
basic structural units (silica tetrahedra) can interconnect with each other and thereby produce 
various large structural units such as chain structures, ring structures, and network structures, 
which can cause a significant increase in viscosity. A pure alumina melt does not have such 
structural features.

Binary systems

The viscosity of molten silica decreases significantly when a small amount of network modifiers 
such as Al2O3 and Na2O is added into a pure silica melt, as shown in Figure 2. This is the so-
called lubricant effect reported by Avramov et al. [16], in which the network modifiers play the 
role of lubricants allowing silica clusters to glide more easily past each other. This challenging 
viscosity behavior can be described by the current model. For the description of the composition-
induced structural change in the system SiO2–Al2O3, the binary associate species Al6Si2O13 is 
used in addition to the monomeric associate species for the pure oxides and two common critical 
silica clusters (SiO2)6 and (SiO2)109. Then, the calculated viscosities at temperatures from 1800 
oC to 2000 oC sufficiently agree with the experimental data [11, 12, 14, 17]. In contrast, the 
structural change in the system SiO2–Na2O is more complex and three binary associate species 
Na4SiO4, Na2SiO3, and Na2Si2O5 are therefore employed. The experimental data [18-22] are 
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consequently well reproduced with the current model. In addition to the lubricant effect, another 
dramatic drop in viscosity (the so called weak lubricant effect due to the possible ring structures
[23]) occurs in somewhere in the middle (see Figure 2(b)), which is also well predicted. 

Figure 2. Model performance for the binary systems (a) SiO2–Al2O3 and (b) SiO2-Na2O 

Moreover, the viscosity extension from the binary system SiO2–Al2O3 and SiO2–Na2O to the
pure SiO2 is valid. In contrast, the viscosity values extrapolated from different SiO2-based binary 
systems to the pure SiO2 are different in the model of Zhang and Jahanshahi [24]. This indicates 
the current model is self-consistent. 

Multicomponent systems 

The viscosity of the system SiO2–CaO–Na2O is extrapolated from the corresponding lower order 
systems SiO2–CaO and SiO2–Na2O, where the ternary associate species Na2Si6Ca3O16 is
employed. As shown in Figure 3(a), the calculated viscosities agree well with the experimental 
data [25-27]. For a constant SiO2 content of 0.75 mole fraction, the viscosity increases when 
replacing Na2O with CaO at temperatures from 1100 oC to 1300 oC. This indicates that Na2O has 
a greater ability to decrease the viscosity than CaO in the system SiO2–CaO–Na2O. When the 
model is extended to the system SiO2–Al2O3–CaO, the ternary associate species CaSi2Al2O8 is 
introduced to describe the Al3+-induced structural change. The monomeric associate species
Al2O3, Al6Si2O13, and CaAl2O4 for the pure oxides and binary systems are also included. The 
associate species Al2O3 and Al6Si2O13 behave as network modifiers, whereas the associate 
species CaAl2O4 and CaSi2Al2O8 behave as network formers, which are employed to describe the 
charge compensation effect. Figure 3(b) shows that the viscosity maximum for the system SiO2–
Al2O3–CaO is well described by the current model for a constant SiO2 content of 0.5 mole 
fraction at temperatures from 1600 oC to 2000 oC. Using the current model, the calculated 
viscosities are in good agreement with experimental data [11, 17]. It is noted that the position of 
the viscosity maximum is slightly shifted towards the Al2O3-rich side with increasing 
temperature. The viscosity maximum tends to be less pronounced due to lower stability of the 
Al3+-based quasi-tetrahedral structures. Moreover, increased separation of the viscosity 
isotherms occurs when approaching the fully charge-compensated composition. Similarly, the 
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ternary associate species NaSiAlO4, and NaSi3AlO8 are employed to describe the Al3+-induced 
structural change in the system SiO2–Al2O3–Na2O, the experimental data [28-32] are then 
reproduced well with the current model, as shown in Figure 3(c). 

Figure 3. Model performance for the systems (a) SiO2–CaO–Na2O, (b) SiO2–Al2O3–CaO, (c) 
SiO2–Al2O3–Na2O and (d) SiO2–Al2O3-CaO–Na2O 

When the model is extended to the system SiO2–Al2O3–CaO–Na2O, no additional associate 
species and model parameters are employed. The calculated viscosities still agree well with the 
experimental data [33-36], as shown in Figure 3(d). It is noted that the viscosities of the three
slags follow the sequence: slag 1 > slag 2 > slag 3, which is consistent with the sequence of the 
sum of the SiO2 and Al2O3 contents although the amount of the charge compensators for Al3+

might be not enough for slag 1. Due to the charge compensation effect, Al2O3 behaves as a 
network former and the effective concentration of SiO2 is increased, both of which lead to an 
increase in viscosity. 
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Conclusion 

A new structure-based model, designated as the modified Arrhenius model, has been developed 
to describe the viscosity of multicomponent oxide melts. In the new model, the structural 
dependence of the viscosity is successfully described by using the associate species distribution 
and the critical clusters derived from the associate species. The new model provides a reliable 
prediction over the whole range of compositions and a broad range of temperatures using only
one set of model parameters, all having clear physico-chemical meaning. The challenging
viscosity behaviors such as the lubricant effect and charge compensation effect are well captured. 
Moreover, the model is self-consistent. The model parameters have been assessed for the system 
SiO2–Al2O3–CaO–MgO–Na2O–K2O–FeO–Fe2O3 and further relevant oxides such as P2O5 are 
currently being assessed and incorporated. 
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Abstract
Cost issues and decrease of high grade raw materials has sparked interest in the use of 

other potential sources of iron bearing materials once regarded as uneconomical. China is rich 
in mineral resources of titanium, After decades of basic research and industrial production 
practice, a complete set of blast furnace-converter smelting process has been successful 
developed to produce steel and vanadium/titanium products. This paper begins with an 
introduction to the sever defects of blast furnace process and focuses on elucidating the effect 
of TiO2 on the thermo-physical-chemical properties of blast furnace slag including viscosity, 
surface properties, foaming performance and formation and regulation mechanism of TiCN.
Using molecular dynamics simulation and spectroscopy techniques, the viscous behavior and 
the structure of the slag system were correlated. Models were used and compared with 
experimental data.

Introduction 

There is a lot of vanadium-titanium magnetite (VTM) in Panxi region, China, in which 
the proven VTM reserves is approximately 10 billion tons. The VTM is a very complex ore 
containing Ti, V, Co, Ni, Sc et al. besides Fe, [1]and the phase of Ti exists in ilmenite (FeTiO3),
titanomagnetite (Fe3O4·Fe2TiO4), ulvite (Fe2TiO4) and pseudobrookite (Fe2TiO5). After 
decades of basic research and industrial production practice, a complete set of blast 
furnace-converter smelting process has been successful developed to produce steel and 
vanadium/titanium products. Although it has high production efficiency and large scale, the 
blast furnace-con- verter smelting process has many severe defects, especially in blast furnace 
process to reduce the VTM ore. In the blast furnace process, most of the iron and part of 
vanadium can be reduced into the hot metal, however, almost all of the titanium enters into 
the slag in phase formation of perovskite and titanaugite, Ti-rich diopside, forming the high 
titanium slag with the content of TiO2 varying from 22 to 25wt%, [2-3] which results in the
foaming behavior, the increase of melting temperature and viscosity of slag, [3] as well as the
difficult separation of slag-iron.[4-5] Therefore, the fundamental research for
thermo-physical-chemical properties of blast furnace slag bearing high TiO2 is quite essential.
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Thermo-Physical-Chemical Properties 
Effect of TiO2 on the Viscosity and Structure 

In the BF process, the viscosity of slag containing TiO2 is an important parameter that 
influences the gas permeability, the ability to tap the slag from the reactor, the efficiency of 
separation of slag from metal, the extent of slag foaming, etc. The viscosity of the BF slag has 
a wide range, depending on the temperature and slag composition. Viscosity measurements 
for the CaO-SiO2-Al2O3-MgO-TiO2 slag system were conducted by Ohno and Ross[5], Sohn et 
al.[6], Park et al.[7] ,and author under neutral atmosphere. Figure 1 demonstrates the effect of 
TiO2 additions within a broad compositional range on the quaternary and quinary 
calcium-alumino-silicate slag systems. The viscosity was observed to decrease with higher 
concentrations of TiO2 at a fixed (wt% CaO)/(wt% SiO2) ratio and Al2O3 content at 1773 K, 
suggesting that TiO2 is a network-modifying oxide. As a network-modifying oxide, TiO2 is 
expected to depolymerize the slag network structure, which has subsequently been verified by 
using FTIR and Raman spectroscopy.[8] The FTIR results at a constant CaO/SiO2 ratio of 1.1 
are presented in Figure 2a and support the role of TiO2 as a basic oxide and a network 
modifier. FTIR spectra of silicate slags are typically focused within the wavenumber region 
between 1200 and 400cm-1. [9-11] This region represents the symmetric stretching vibration 
bands of the [SiO4]-tetrahedra, the symmetric stretching vibrations of the[AlO4]

- tetrahedra, 
and the symmetric Si–O bending vibration bands, etc. The vibration band between the 
wavenumbers of 1200and 800 cm-1 is the [SiO4]

- tetrahedra symmetric stretching vibration 
band, which are well known to be the convoluted band of the NBO/Si transmission troughs 
from Q0 to Q3. This characteristic stretching vibration band for the large silicate network 
structures becomes less pronounced and the depth of the convoluted band becomes shallower 
with TiO2 additions. 

 
Figure 1.Effect of TiO2 on the viscosity at various (wt%CaO)/(wt%SiO2) ratios at 1773 K. 

 
The as-quenched slag structure was also studied using Raman spectroscopy (Figure 2b). 

The characteristic band of silicate structure to semi-qualitatively identify the complex slag 
structure showed that several [SiO4]

- tetrahedral peaks with symmetric stretching vibrations 
pertaining of NBO/Si=1,2,3,4 from 850-1100 cm-1 and asymmetric stretching vibrations of 
NBO/Si=0 near 1040 and 1170cm-1[12]. Ti–O–Ti stretching vibrations are observed near 
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830cm-1[[13]]. The lower wavenumber shift with increasing TiO2 content might cause by two 
factors. One possible reason is that TiO2 increase results the decrease of SiO2. Another 
possible reason is that further support the role of TiO2 as a basic oxide and a network modifier 
to depolymerize the structure resulting the NBO/Si=3 and 4 become more and more. 

Figure 2.Structural analysis of CaO-SiO2 -TiO2 slags as a function of TiO2 content using 
(a) FTIR spectroscopy and (b) Raman spectroscopy.

Figure 3.The CNs of the atomic pair Ti–O (a)and the angles of Ti–O–Ti (b)

The molecular dynamics (MD) simulation is an excellent tool for studying the 
microstructure with classical dynamics, which was generally used in numerous fields these 
years. Owing to the difficulty in high temperature experiments the molecular dynamics 
simulation is also applied into research of the metallurgical melt. The structure of the ternary 
system CaO–SiO2–TiO2 was simulative investigated by molecular dynamics technology with 
variation of TiO2 contents under a fixed basicity[14]. The majority of Ti4+ is coordinated by 6 O 
atoms but the 4-coordinated Ti4+ barely present within this system. CN is a key parameter to 
present the structure of the short-range ordering. The CN Si–O almost equals to 4 and has a
little variation from 4.12 to 4.03 with varying mole fraction of TiO2, while the CN Ti–O
decreases from 5.83 to 5.52 as the mole fraction of TiO2 varies from 0 to 25%. Two [TiO6]
octahedrons are connected by two ways with the angles of Ti–O–Ti equaling to 100° and 140°
shown in Figure 3a. The distribution of the angles of Ti–O–Ti has an obvious variation with 
the TiO2 (Figure 3b)additions. When the TiO2 fraction is small the angle of 140° is the main
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connectivity angle, the percentage of angle of 140° decreases with TiO2 increasing and it 
reaches the minimum of 17% for 10% TiO2 addition. 

The viscosity of BF high-titanium slag will not curdle in the oxidation atmosphere or 
neutral atmosphere. Titaniferous slag has a characteristics of non-Newtonian fluid. The 
reduction extent of titanium dioxide plays an important role in the process of the slag’s 
bodying, and the apparent viscosity will increase because of the increase of titanium carbide 
and titanium nitride generated by the deep reductions, especially when the concentration of 
titanium carbide and titanium nitride exceeds six percent, the slag viscosity will increase 
sharply(Figure 4b); It was also found that the scattered state of titanium carbide and titanium 
nitride played an important part in the increase of viscosity, in the case of same content, the 
greater the extent of scatter is , the higher the viscosity becomes, vice versa, the situations of 
reaction kinetics and scatter have a great effect to the scattered state. It was found that the free 
running temperature is generally high, which is eighty to one hundred degree higher than the 
common BF slag. The main cause is the existence of titanium carbide and titanium nitride 
which has a high smelting point in slag and the out phase point can be easily provided for 
uniform nucleation in the process of crystallization of slag, which can meet the need to reduce 
the degree of superheat.[15] 

Figure 4. The relationship between of viscosity vs time under 1783 K(a) and viscosity vs 
additive amount of different size of TiC, TiN at 1623 K(b) 

 
Effect of TiO2 on the Surface Tension  

The surface tension of molten slag is a key parameter in industrial process at high 
temperature for controlling the various surface and interfacial phenomena[16-18] in ironmaking 
and steelmaking process. Although a large number of experimental surface tension data has 
been reported for silicate melts[19-20], it is not possible to find appropriate data on the surface 
tension of molten slag bearing TiO2 because of the limited availability of these data, resulting 
in a difficulty not only for studying the interfacial phenomena between slag and hot metal but 
also for the slag foaming in the blast furnace. Therefore, to fully understand the physical and 
chemical aspects of the blast furnace slag bearing TiO2, the contribution arising from surface 
properties cannot be overlooked. Besides, knowledge of the dependence of surface tension on 
liquid composition might provide useful insight into liquid structure. 

A prediction model derived by Tanaka et al[21]. for the equation of the surface tension of 
ionic mixtures was applied to the 5-component molten slag in the SiO2-CaO-MgO- 

(a) (b) 
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Al2O3-TiO2 system based on the Butler’s equation[22]. 
Firstly, the surface tension of one sample of slag was measured and substituted in 

Butler’s equation as a known quantity. Then the mole fractions of SiO2, CaO, Al2O3 and MgO 
at the surface were obtained because the surface tensions for pure SiO2, CaO, Al2O3 and MgO 
were also known quantities. Thereby, the mole fraction of TiO2 at the surface was got because 
the sum of the mole fractions of TiO2, SiO2, CaO, Al2O3 and MgO principally equals to 100%. 
Finally, the surface tension for pure TiO2 at 1673 K was achieved by the aid of the surface 
tension of the slag at 1673 K. At the moment, the surface tension of the samples were 
calculated. Figure 5 shows the relation between TiO2 mass fraction and the surface tension of 
the molten slag. The surface tension decreases along with the addition of TiO2, proving that 
TiO2 plays a role as a surface active agent in the 5-component slag. Moreover, there is a 
comparison between the calculated results and the experimental values, showing that the 
evaluated values are in a good agreement with the experimental results. 

wt.%Al2O3=14% wt.%MgO=8%
CaO/SiO2=1.10

 

Figure 5. Effect of TiO2 content on the surface tension of the 5-component slag 

It is well known to us that the two principal parameters which influence the surface 
tension of liquid metal or alloys are the melt composition and temperature. As for the molten 
slag, the melt’s structure may play an equally important role in the determination of the 
surface tension of the slag. The influence of the melt’s structure on the surface tension of the 
slag along with the compositional variation will be discussed. 

It is generally recognized that there are three kinds of ions existing in the slag melts: 
cations (Ca2+, Mg2+ and Ti4+ in this study), simple anions (O2–) and complicated units (Q1, Q2, 
Q3, Q4 for Si and Al). NBO/T, a measure for the degree of the polymerization of the slag was 
proposed by Mills et al.[23], which is defined as following: NBO/T = number of non-bridging 
oxygen / tetragonally-bonded oxygen. As a basic oxide, TiO2 can promote the 
depolymerization of the slag structure, and NBO/T will increase. In other words, the much 
more complicated units, such as Qn(Si) and Qn(Al) (Here n=3, 4), will turn into Qn(Si) and 
Qn(Al) (Here n=1, 2). Furthermore, the complicated units, Q1 and Q2 for Si and Al, have a 
much smaller moment than that of the simple anion, O2–, resulting in that Q1 and Q2 will be 
excluded outside to the surface layer. As a result, the number of the complicated units will 
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increase, while the number of free oxygen will reduce. As a consequence, the surface tension 
of the melt will drops down because of the decrease of the total ion moment at the surface. 

Under high temperature reducing conditions, TiO2 will be over-reduced and high-melting 
–point heterogeneous particles TiC, TiN and Ti(C, N) will generate. The formation of solid 
particles can also lead to the decrease of slag surface tension. Figure 6 shows the relation 
between TiC and TiN mass fraction and the surface tension of the molten slag. With the 
increase of TiC and TiN, the slag surface tension shows a downward trend. Proving that TiC 
and TiN are surfactants. At the same time, TiN has greater influence to surface tension than 
TiC. 

 

Figure 6. Relationship between surface of slag and mass fraction of TiC and TiN 
 

Slag Foaming Phenomenon  
Implementation of smelting with high V-Ti-magnetite proportion or full V-Ti-magnetite 

smelting will lead to the increase of TiO2 in slag by more than 25% or 30%, generating 
serious problem of foaming in the furnace. Forming of foaming slag depends on two 
conditions: gas and properties of slag, in which, surface tension takes a great place in foam 
generation stage and viscosity takes a great place in foam stabilization stage, which play 
important roles to slag foaming. Comparing to normal BF slag, TiO2 in high Ti-bearing BF 
slag will be over-reduced and high-melting point heterogeneous particles TiC, TiN and Ti(C, 
N) will generate leading to great changes of the slag properties. So foaming slag is closely 
related with heterogeneous particles generated. 

Based on the definition of foaming index (Σ) created by Fruehan[24,25] : 

 

Giving the relationship between foaming index (Σ) and the physicochemical properties 
(density ρ, viscosity μ, surface tension ). Where, the constant C is unsure. In Ti-bearing slag, 
the change law of C was obtained by calculation is shown in Figure 7. 
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Figure 7. C Value Change in Foaming Index Formula 
 
So, except in rare cases, the value of C in the foaming formula is between 600~800. Thus 

foaming formula of Ti-bearing BF slag was obtained: 

              ····································           (1) 

In addition, the mathematical expression of relationship between foaming index and 
mole fraction of the compositions of the slag was obtained by stepwise method. In the 
regression process, the regression relation expression was fitted between mole fraction 

relations of the slag , , , , 

 acting as its composition feature and foaming index of the slag. Their correlation 

coefficient are: 0.91520, 0.91657, 0.92575, 0.92519 and 0.94501 separately. The expression 
was as follow. 

·············                 ·(2) 

Which can be used to forecast and compare foaming performance of slag in a certain 
range of composition.  

In room temperature, simulation experiments of slag foaming were performed based on 
the solution of glycerol and distilled water, and factors of foaming caused by blowing and 
from reaction. And the conclusions obtained are as follows [26]. Under the condition of 
external gas source, the lower viscosity has a promotion on foaming phenomenon, while 
higher viscosity will inhibit this phenomenon. With the increase of particle concentration, the 
foaming phenomenon was strengthened firstly and then weakened. Among the factors of slag 
foaming, solid particles holds a leading post, viscosity and surface tension take the second 
place Under the condition of endogenous gas source, with increasing the viscosity of the 
solution, the foam height is reduced. Higher viscosity will give rise to more difficulty in 
eliminating foaming and longer time for defoaming. However, the influence of solid particle 
content on foaming exhibits a similar pattern with that observed under the condition of 
external gas source . 
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Formation of TiCN and Regulation Mechanism 
The utilization of vanadium-bearing titanomagnetite in blast furnace process remained as 

a worldwide problem until the 1970s in the last century. It was found that the main problems 
occurred during the process were all somehow related to a high melting point phase which 
was produced from over-reduced titanium oxide. That is the TiCxNy. As mentioned before, 
these problems include slag foaming, large viscosity of slag, difficulty of iron-slag separation 
and low efficient desulfuration. As a solution, certain amount of common iron ores was added 
to the raw materials to relieve those problems to some extent. However, this approach became 
a limitation for the multipurpose utilization of the vanadium-bearing titanomagnetite. 
Moreover, with the increase of common iron ores’ price, the production cost of the process is 
getting higher. Therefore, it is a critical point to restrain the formation of Ti(CN) in blast 
furnace. 

The results of thermodynamic calculation indicate that when TiCxNy was produced in 
slag-coke reaction, it is likely to occur in the softening zone which corresponds to the 
experimental result of blast furnace dissection. For another, under the current condition of raw 
material in Panzhihua Steel Ltd.(black point in Figure 8). The formation of TiCxNy would 
theoretically begin at about 15530 K. The restriction of formation of TiCxNy in blast furnace 
could be achieved by increasing the systematic pressure or oxygen enrichment. Another 
approach is to adjust the slag composition by decreasing the content of titanium dioxide and 
alumina in the slag or increasing the slag basicity and the content of magnesium oxide in the 
slag. However, the decrease of titanium dioxide content in the slag was not appreciated. 

 

Figure 8. Effect of composition of slag on the final TiCN content in slag[24] 

 
In experimental study, the composition of TiCxNy produced in the slag-iron reaction was 

recognized as TiC0.67N0.33 and the content of TiC0.67N0.33 would increase with the increasing of 
temperature. These observations match the results calculated with FactSage very well. The 
potential measures to prevent TiCxNy from being produced in the slag-iron reaction were 
similar with those in the slag-coke reaction. It was found that the lower down of nitrogen 
partial pressure could efficiently prevent the formation of TiCxNy. Furthermore, the 
prevention means could also be either increasing the slag basicity and the content of 
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magnesium oxide or decreasing the content of alumina in the slag.[27] 
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Abstract 

TiO2 has been approved as a viscosity-decreasing agent in blast furnace slag under inert 
atmosphere both by experimental and structure calculation. However, the validity of the above 
conclusion in a much bigger zone in CaO-SiO2-Al2O3-MgO phase diagram has not approved. 
The viscosity of slag dependent on the TiO2 content and basicity were measured in the present 
work. It was found that the viscosity and viscous activation energy decrease with increasing TiO2

content and basicity at a reasonable range, indicating TiO2 behaved as a viscosity-decreasing 
agent by depolymerizing the silicate network structure when its less than 50wt. %. The liquidity 
of the slag can be improved when TiO2 content less than 50wt. % and basicity from 0.5 to 1.1. 
The free running temperature increase at TiO2 content from 10wt.% to 30wt. %. The results of 
calculation does not agree well with the experimental values at a high basicity of 1.3 with TiO2

content from 20wt.% to 30wt.% and the lower basicity of 0.5 with TiO2 content more than 
50wt.%.

Introduction 

Cost issues and decrease of high grade raw materials has sparked the interest in using of 
other sources (such as vanadium-titanium magnetizes (VTM))of iron bearing materials which 
were regarded as uneconomical before. In the blast furnace process of using VTM, most of the 
iron and part of vanadium can be reduced into the hot metal. However, almost all of the titania 
enters into the slag in phase formation of perovskite and titanaugite, Ti-rich diopside, forming 
the high titania slag with the content of TiO2 varying from 22 to 25wt.%[1]. Therefore, the work
for the influence of TiO2 on the viscosity of slag has been continued.  

Figure 1 demonstrates the effect of TiO2 additions within a broad compositional range on 
the quaternary and quinary calcium-alumina-silicate slag systems under inert atmosphere. Ohno 
and Ross[2], Park et al.[3], Liao et al.[4], and Sohn et al.[5]revealed that TiO2 acts as a basic oxide
resulting in the depolymerization of the slag with higher concentrations of TiO2 at a fixed (wt.%
CaO)/(wt.% SiO2) ratio and Al2O3 content at 1773 K(1500 ). The viscosity experiments 
conducted by Saito et al.[6] indicated that TiO2 decreases the viscosity in quaternary CaO–SiO2–
Al2O3–TiO2 slag system. Shankar et al.[7] found that TiO2 up to 2wt.% lower the viscosity in
CaO–SiO2–MgO–Al2O3. Handfield et al.[8] described the industrial slag with high TiO2 are very
fluid melts once completely molten. However, Ohno and Ross[2], and Qiu et al.[9] reported that
TiO2 can increase the viscosity of the CaO–SiO2–Al2O3–TiO2–(MgO) slag under reducing 
atmosphere indicating that it could be caused by the formation of solid particles of TiC and the 

415

Advances in Molten Slags, Fluxes, and Salts: Proceedings of The 10th International 
Conference on Molten Slags, Fluxes and Salts (MOLTEN16)

Edited by: Ramana G. Reddy, Pinakin Chaubal, P. Chris Pistorius, and Uday Pal
TMS (The Minerals, Metals & Materials Society), 2016



polymerization of orthosilicate ions. Xie et al.[10] indicated that slag thickening occurred under 
prolonged reduction when a considerable amount of both TiO(3~7wt.%) and TiC (1~3wt.%) was 
formed, particularly in acidic slag. 

Figure 1. Effect of TiO2 on the viscosity of CaO–SiO2–Al2O3–MgO based slag at various (wt.%
CaO)/(wt.% SiO2) ratio at 1773 K(1500 )

TiO2 has been approved as a viscosity-decreasing agent in blast furnace slag under inert 
atmosphere both by experimental and structure calculation. However, the validity of the above 
conclusion in a much bigger zone in CaO-SiO2-Al2O3-MgO phase diagram has not approved.. 
Therefore, the object of this work is to approve the validity of the conclusion that TiO2 decrease 
the viscosity of the slag. In other words, the maximum content of TiO2 as a viscosity reducer 
should be given.  

Experimental 

The rotating cylinder method was used to measure the viscosity in present work. The 
schematic figure of the experimental apparatus is shown in Figure 2. A rotating 
viscometer(Brookfield, model LVDV-II+ Pro, Middleboro, MA) installed in the furnace was 
connected with a computer to record the value of the torque from the rotation of the spindle. The 
heater of the furnace is made of MoSi2. The slag sample was loaded in the molybdenum(Mo) 
crucible which was put into a corundum crucible, with a graphite crucible in the out layer for 
removing the left oxygen in the furnace. The rotating bob was made of Mo. The viscometer was 
regularly calibrated before the experiment using three standard silicone oils of known viscosities( 
0.96, 4.92 and 9.80 dPa·s) at 298 K(25 ) .

The slag for the viscosity measurement was synthetic slag, which were synthetized with the 
known chemical composition slag from the analysis pure grade regent. the analysis pure grade 
regent were first claimed at 1273 K(1000 ) in a muffle furnace to remove all the impurities 
such as carbonate, hydroxide and moisture, and then weighed. The weighted chemicals (CaO, 
SiO2, Al2O3, MgO and TiO2) were thoroughly and pressed into cylindrical pellets before used in 
the experiments. About 200g sample was used in the Mo crucible, which gave a slag bath of at 
least 40mm deep contained in crucibles. 
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Figure 2. Schematic experimental setup for the viscosity measurement 

 
The liquid region of the CaO-SiO2-14wt. %Al2O3-8wt. %MgO-TiO2 slag system at 1723K 

(1450 ) was calculated by FactSage to help design the experimental scheme. The chemical 
compositions of the slag investigated in the present study are presented in Table 1. The slag 
used for the viscosity measurement was synthetic slag obtained from analytically pure reagents 
of a known composition. The reagents were first calcined at 1273 K(1000 ) in a muffle furnace 
to remove all of their impurities, such as carbonate, hydroxide, and moisture. The pretreated 
powders were combined according to the desired proportions and then mixed homogenously in a 
mixer for 30 min.  

Table 1. Chemical compositions of the studied slag. 
R= CaO(wt.%)/SiO2(wt.%); 

No. Al2O3 MgO TiO2 CaO SiO2 R 
A1 14.00 8.00 0.00 44.09 33.91 1.30 
A2 14.00 8.00 10.00 38.43 29.57 1.30 
A3 14.00 8.00 20.00 32.78 25.22 1.30 
A4 14.00 8.00 30.00 27.13 20.87 1.30 
A5 14.00 8.00 40.00 21.48 16.52 1.30 
A6 14.00 8.00 50.00 15.83 12.17 1.30 
B1 14.00 8.00 0.00 40.86 37.14 1.10 
B2 14.00 8.00 10.00 35.62 32.38 1.10 
B3 14.00 8.00 20.00 30.38 27.62 1.10 
B4 14.00 8.00 30.00 25.14 22.86 1.10 
B5 14.00 8.00 40.00 19.90 18.10 1.10 
B6 14.00 8.00 50.00 14.67 13.33 1.10 
C1 14.00 8.00 0.00 26.00 52.00 0.50 
C2 14.00 8.00 10.00 22.67 45.33 0.50 
C3 14.00 8.00 20.00 19.33 38.67 0.50 
C4 14.00 8.00 30.00 16.00 32.00 0.50 
C5 14.00 8.00 40.00 12.67 25.33 0.50 
C6 14.00 8.00 50.00 9.33 18.67 0.50 

 
The mixed powders were heated to 1798 K(1525 ) and held for 3h to homogenize the 

slag. The bob was lowered and the upper surface of the bob was inserted 5 mm deep into the slag 
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layer. The spindle was carefully adjusted to ensure that it was placed on the central axis line of 
the crucible because experimental errors can be easily caused by slight deviations of the spindle 
from the central axis. Argon was blown into the furnace chamber at a constant gas flow rate of 
1.5 L/min to avoid oxidation of the molybdenum crucible and spindle. After the slag was held at 
1798 K(1525 ) for 3 h, the spindle began to rotate at a fixed speed of 12 rpm. The viscosity was 
recorded after the reading had stabilized at the desired temperature. Measurements were carried 
out at every 25 K( ) from 1798 K(1525 ) to 1673 K(1400 ). The equilibration time for 
viscosity measurements was 30 min., and viscosity measurements are reported as the average 
value of data collected 2 min after the 30 min. thermal equilibrium was achieved. The standard 
errors of viscosity were found to be less than ±0.02 dPa·s. When the measurement was finished, 
the slag was reheated to 1773 K(1500 ). Then the viscosity was measured again at 10 seconds 
intervals with decreasing the temperature continuously at a rate of 2 K( )/min, as a result, the 
viscosity-temperature curves were got. After completing the viscosity measurements, slag 
samples were reheated to 1773 K(1500 ) and quenched on a water-cooled copper plate, the 
quenched samples were used to check the slag structure using XRD and Raman 
spectroscopy(Lab RAM HR Evolution; HORIBA Scientific, France).

Results nd Discussion

A. Effect of TiO2 on viscosity 

Figure 3 represents the influence of TiO2 on the viscosity with varying basicity. TiO2

reduced the viscosity, especially for the slag with lower basicity at 0.5, which conforms with the 
previous research, supporting that TiO2 is a network-modifying oxide. As a network-modifying 
oxide, TiO2 is expected to depolymerize the slag network structure. When basicity was increased 
to 1.3, the viscosity first decrease by adding TiO2, however, it will increase when TiO2 content 
reach to 20-30wt.%, the reason for the viscosity increasing is the formation of perovskite near 
the liquids line as shown in Figure 4. With increasing of basicity, the amount of perovskite is 
increase and the precipitation temperature of the perovskite become higher. However, the results 
of calculation does not relate well with the experimental values. At a high basicity of 1.3 with 
TiO2 content from 20wt.% to 30wt.%, the liquid phase line of TiO2 content near 20wt.% should 
move to the place where the TiO2 content near 30wt.%. At the basicity of 0.5, the TiO2 content 
more than 50wt.% would locate out the liquid phase region.  

Figure 3. Effect of TiO2 on the viscosity with varying basicity 

418



Figure 4. Liquid region of the slag system calculated from FactSage at 1723K (1450 ) and modification with 
experimental values 

Figure 5. Effect of TiO2 on the viscosity-temperature curves of the slag 

B. Free running temperature and viscous activation energy 

The sensitivity of viscosity with temperature (thermal stability) is used to describe the 
viscosity variation with temperature. The so-called short slag means that its viscosity change 
occurs in a narrow interval of temperature and bad thermal stability than the long slag does. 
Figure 5 shows the effect of TiO2 on the viscosity-temperature curves of the slag with varying 
basicity. It is could be found that with basicity at 1.1, the viscosity changed dramatically at TiO2

from 20wt.% at a certain temperature, but the change at 40wt.% with basicity at 0.5. The critical 
point correct well with the precipitation temperature of the perovskite. Therefore, the free 
running temperature which means the critical point of the curves could be got by drawing a 
tangent line of the slopes is -1 on the curve. It is evident from Figure 6 that the free running 
temperature increase with TiO2 from 10wt. % to 30wt.%, which means that poor viscosity 

The liquid phase line of predicted 
by experimental values

The generation amount 
of perovskite 
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thermal stability with TiO2 content increasing caused by the precipitation. However, the free 
running temperature decrease at TiO2 content of 40wt.%.  

Figure 6. Effect of TiO2 on the free running temperature of the slag 

The viscosity data can be described by an Arrhenius equation over the entire temperature 
region in this study. 

0 exp( )
E
RT

�� �	
(1)

where 0� , Eη, R, and T are a constant, the apparent activation energy of viscous flow, the 

universal gas constant, and the absolute temperature, respectively. Variations of Eη can reveal the 
change of frictional resistance for viscous flow and suggest a change in the structure of the 
molten slag or more directly a change in the cohesive flow units forming the slag structure. The 
viscous activation energy is get and plot in the Figure 7. The change of viscosity and viscous 
energy show the same regularity indicating that the main factor is the same as impact viscosity 
and viscous activation energy. 

Figure 7. Effect of TiO2 on the apparent activation energy of the slag 
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C. Effect of basicity on viscosity 

Figure 8. Effect of basicity on the viscosity with different TiO2 content 

The influence of basicity on the viscosity with TiO2 from 10wt.% to 30wt.% are showing in 
Figure 8. It is obvious that the lower the basicity, the higher the viscosity. CaO is a well-known 
typical basic oxide that can modify the melt structure effectively. The addition of CaO can result 
in a large-scale depolymerization with lower basicity. It indicates that the size of the silicate flow 
unit becomes smaller with increasing content of basic oxides, resulting in decreasing slag 
viscosity. However, the increase of CaO will result in precipitation of perovskite. Therefore, to 
get appropriate viscosity with high TiO2 content, the maximum of basicity must be less than 1.3.

Conclusions 

In present work, viscosity of the quinary system CaO-SiO2-MgO-Al2O3-TiO2 were 
experimentally measured. The conclusions are summarized as follows: 
1. The increasing of TiO2 additions and basicity lowered the viscosity by affecting the silicate

network structure, where the complex silicate sheets were depolymerized into simpler 
silicate structures. 

2. TiO2 content less than 50wt. % and basicity from 0.5 to 1.1 could get a good liquidity melt.
The slag shows the short slag feature at high TiO2 content with high basicity and shows the 
long slag feature at low basicity.  

3. The results of calculation does not agree well with the experimental values at a high basicity
of 1.3 with TiO2 content from 20wt.% to 30wt.% and the lower basicity of 0.5 with TiO2

content more than 50wt.%.
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Abstract

Electrorheology of Ti-bearing slag was investigated by a reconstructive equipment at 
1723K. The slag samples were based on slag of Panzhihua Steel and the viscosity was 
measured with different composition of TiC. The constitutive equations which simulated the 
Herschel-Bulkley model were established by the relationship between shear rate and shear 
stress of slag, thus the fluid type was confirmed under the condition of different electric field 
intensity. The result was that the slag sample containing TiC had an obvious phenomenon of 
electrorheology, the increase of electric field intensity gave rise to the increase of viscosity and 
shear stress. It can be extracted from the constitutive equations of 4% TiC slag that the fluid 
type converted into a Bingham fluid with application of the electric field.

Introduction

Electrorheology (ER) is a typical property of kinds of non-Newtonian fluids. The ER 
behavior, a rapid and reversible response on application of a direct or alternating electric field, 
has been the object of a number of studies[1,2]. In an ER fluid, the solid particles are randomly 
distributed within a non-conducting liquid. However, when an electric field is applied, the solid 
particles start to create highly organized structures due to the electric field. At this moment the 
viscosity and shear stress change rapidly. ER response is controlled not only by the magnitude 
and characteristics of the applied electric field but also by a wide range of properties of the slag 
system itself, such as the dielectric constant, the particle conductivity, and the volume fraction 
of particles. The rapid and reversible property of ER fluid is not limited to the study for 
academic researches, at the same time it has lots opportunity for application in industry, such 
as electrical clutches, locks, valves and shock absorbers[3-5].

Numerous studies have been conducted in the past to investigate the viscosity of slag 
containing TiC. As found by D. Xie[6], the viscosity showed a rapid increase with the 
appearance of TiC. The relationship between torque and shear rate was investigated by Y.L. 
Zhen[7]. The conclusion was that 2wt% TiC slag can be considered as a Newtonian fluid for the 
slight viscosity change with the shear rate. The result of fluid type in our previous study[8] was 
that the 8wt% TiC slag, as a liquid dispersed with solid phase, behaved as a non-Newtonian 
fluid. In another hand, an obvious ER response had been observed for kinds of liquids dispersed 
with TiC, such as epoxy[9]. So it is reasonable and necessary to investigate the behavior of Ti-
bearing slag containing TiC with the application of an electric field. 

Experimental

Synthetic slag samples (Table 1) based on the chemical composition of on-site slag from 
Panzhihua steel (Table 2) were prepared from chemical reagents such as CaO, SiO2, MgO, 
Al2O3, TiO2 and TiC. The grain size of TiC is in range of 3.18-33.43μm and its mean grain size 
is 14.1μm (Figure 1). The mixtures of CaO, SiO2, MgO, Al2O3, TiO2 and TiC were packed into 
a Mo crucible and pre-melted in an electric resistant furnace under an Ar gas atmosphere at 
1773 K for 20 min to ensure uniformity of the compositions.  
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Table 1. Experimental composition of slag examples, wt%.

No. CaO SiO2 MgO Al2O3 TiC TiO2 ∑TiO2 CaO/SiO2

a 30.03 27.30 8.00 14.00 4.00 16.67 22.00 1.10
b 30.75 27.95 8.00 14.00 8.00 11.33 22.00 1.10

Table 2. Chemical composition of BF slag from Panzhihua Steel, wt%. 

CaO SiO2 MgO Al2O3 TiO2
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Figure 1. Grain size distribution of TiC powder. 

The rheology of slag samples within an electric field was investigated using a 
reconstructive equipment[10] which consisted of a Brookfield DV- rheometer, a high-
temperature resistance furnace, a direct current (DC) electrical source and data acquisition 
systems (Figure 2). The crucible, filled with 140g slag was placed in the resistance furnace, 
heated up to 1773K at the rate of 5K·min-1 and kept there for 60 min. After the melting and 
reacting sufficiently, the slag was cooled to 1723K at the rate of 3K·min-1 and kept there for 30 
min before the measurement. The procedure of rheological measurement was shown in Figure 
3.

Figure 2. Schematic diagram of the experimental apparatus. 

The Herschel-Bulkley fluid (Formula 1) is a generalized model of a non-Newtonian fluid, 
in which the strain experienced by the fluid is related to the stress in a complicated, non-linear 
way[11].  
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                            τ=τy+kDn                                   (1) 
 
Where τ is shear stress, Pa; τy is yield stress, Pa; k is viscosity factor; D is shear rate, s-1; n is 
flow index. The fluid is considered to be a Newtonian fluid[12] when τy = 0 and n = 1, a dilatant 
fluid when τy = 0 and n > 1, a pseudo plastic fluid when τy = 0 and n < 1, a Bingham fluid when 
τy ≠ 0 and n = 1, a plastic pseudo plastic fluid when τy ≠ 0 and n < 1, and a plastic expansion 
fluid when τy ≠ 0 and n > 1. Both the process of data fitting and error analysis were noted by 
our previous paper[8]. 
 

 

Figure 3. Temperature-time schedule of the experiment. 

 
Results and discussion 

 
As illustrated in Figure 4, a considerable influence of electric field on the flow behavior 

of Ti-bearing slag containing TiC slag has been found. As the slag is applied for the maximum 
electric field intensity 70V·mm-1, the viscosity of 8% TiC slag is approximately 40 percent 
higher than that in absence of an electric field. And a 10 percent increasing for 4% TiC slag, 
although kind of tiny, is greater than the error mentioned above. Perovskite, the first-
crystallized phase in a 29.3CaO-26.7SiO2-14Al2O3-8MgO-22TiO2 slag, starts to be crystalized 
once the temperature below 1709K[13]. So the increasing of viscosity could be attributed to the 
influence of TiC totally which should be the unique solid phase in the slag at 1723K. In the 
slag system, a three-dimensional network structure is formed with the core of TiC particle, for 
kinds of polymer matrix[14], the agglomerates alike the three-dimensional network structure in 
Ti-bearing slag are present even at low composition of TiC. So the conclusion, extracted from 
the paper[14] mention above that values of dielectric permittivity increase with TiC content, 
since the composites become more conductive, their heterogeneity raises, charges accumulate 
at the interfaces of the system and thus interfacial polarization enhances, may be a reference 
for the conclusion in the present paper. 

The shear rate dependence of the shear stress of slag sample (a) is shown in Figure 5. The 
shear stress in presence of the electric field is greater than the value without any electric field 
over the entire range of shear rates. When the curve of 0V·mm-1 is extrapolated to Y axis, the 
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curve passes the origin, and at the same time the slope keeps at a same value mostly, so the 
fluid type of the sample (a) without any electric field could be considered as a Newtonian fluid 
based on the Newton's Law of Viscosity. For the electric field intensity 70V·mm-1, curve of 
slag turns into a non-zeroaxial line once the electric field is applied. Polarization of disperse 
phase TiC particles gives rise to the establishment of field-induced structure[15], and then the 
extrapolate value of shear stress at zero shear rate, known as yield point, is observed in slag 
system. At a very low shear rate, the shear forces are unable to destroy the field-induced 
structure. Meanwhile, the resistance to flow is much greater than in the absence of an electric 
field. Hence, the fluid type should be a non-Newtonian fluid once the electric field is applied 
in consideration of the slope fluctuates slightly as well. 
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Figure 4. Plots of viscosity of slag samples with electric field applying. 
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Figure 5. Rheological curves of sample (a). Figure 6. Rheological curves of sample (b).

The relationship between shear rate and shear stress of sample (b) is depicted in Figure 6.
A typical non-Newtonian fluid behavior, shear thinning[16,17], is observed in the slag system. 
The slopes are decreasing with the shear rates both in the absence and presence of the electric 
field. Once the shear rate is beyond 9.8s-1, the shear stresses decrease hardly and the slag 
performs as a Newtonian fluid. The decrease range of slope value under the application of an 
electric field is greater than in absence of an electric field, it is obviously that the application 
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of electric field is a promotion for the establishment of three-dimensional network structure in 
Ti-bearing slag due to the formation of field-induced structure. After the yield point is reached, 
the shear stress maintains a plateau level and, as a consequence, the viscosity shows decrease 
as a function of shear rate. Due to the non-zeroaxial propriety and shear thinning behavior of 
the rheological curves, a similar conclusion[18] could be extracted from Figure 6 is that when 
an electric field is applied, the apparent viscosity and the shear stress increase and the flow 
curves become slightly pesudoplastic.

The results of constitutive equations are shown in Table 3. Coefficient indexes (R2) of 
these established equations are all greater than 0.99 to ensure a good fitness between each 
equation founded and result measured. The conclusion similar with existed research[19,20] could 
be obtained for 4% TiC slag that without an electric field, the slag behaves as a Newtonian 
fluid, however, once applying the electric field on slag system, the particles in this system 
polarize and align parallel to the field vector, thus, the slag behaves as a Bingham fluid. For the 
8% TiC slag, the slag performs as a plastic pseudo plastic fluid which possesses yield stress 
and shear thinning behavior both in the absence and presence of the electric field. The absolute 
values of k and τy, which mean the viscosity factor and yield stress respectively, increase as the 
response for the electric field application. 

Table 3. Constitutive equations of slag sample (a) and (b)

TiC Electric field Constitutive equations Fluid type R2

4

0V·mm-1

τ=0.4018D
1.0000 Newtonian 0.9994

70V·mm-1

τ=0.3592+0.5357D
1.0000 Bingham 0.9991

8

0V·mm-1

τ=1.8683+0.6883D
0.9098 Plastic pseudo plastic 0.9974

70V·mm-1

τ=2.3175+0.9388D
0.8755 Plastic pseudo plastic 0.9968

Conclusions

An obviously ER response is observed in Ti-bearing slag containing TiC, once the electric 
field is applied, both the viscosity and shear stress increase with the electric field, and the 
enhancement of 8% TiC slag is greater than 4% TiC slag.

The fluid type of 4% TiC slag converts from a Newtonian fluid to a Bingham fluid with 
the application of the electric field, at same time, the flow resistance is greater than in absence 
of the electric field due to the appearance of yield stress. It is already a non-Newtonian fluid 
even without any external impact for the 8% TiC slag. And as a plastic pseudo plastic fluid, 
which possesses the shear thinning behavior, the shear stress decreases with the increasing of 
shear rate among the electric field.
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Abstract 

 
The apparent viscosities of foaming silicon oil and foaming slag was measured. In both studies, the 
rotating cylinder method was used for the measurements. Additionally, the movement of particles 
in foaming silicon oil and the behavior of pig iron droplets in foaming slag was investigated. An 
increase of the apparent viscosity compared to the dynamic viscosity could be observed. The 
apparent viscosities decreased with increasing rotation speed of the spindle. The moving particles 
in the foaming silicon oil gave reasonable information regarding the behavior of particles and 
droplets in foam. This information are needed to get a better understanding of the behavior of iron 
droplets in foaming slag. After high temperature experiments, the pig iron droplets were collected 
and analyzed. Conclusions were made regarding mass transfer between foaming slag and iron 
droplets. 
 

Introduction 
 
Foaming slag has been a topic for many researchers because of its crucial role in industrial 
processes such as LD-converters and electric arc furnaces (EAC). Still, there are many unknowns 
and uncertainties in the processes. Due to the extreme conditions in these processes, it is very hard 
to study the foaming slag efficiently while running. Therefore the understanding of the matter is 
far from complete.  
 
Discussions are still ongoing about whether the reactions in the processes take place in the interface 
between the steel droplets and the foaming slag or at the interface between the steel bath and the 
slag. In LD-converters, the decarburization and dephosphorisation processes are the most important 
reactions which were studied by many researchers [1-9]. The foaming slag is a complex matter 
consisting of gas, liquid and even solid phases as mentioned by many [6, 9, 10].  
 
Due to the complexity of the process and the complex nature of the slag foam, it is very difficult to 
adapt modeling tools due to the challenging verification of the results. Also, the mathematical 
models used are usually made for Newtonian fluids, while literature has reported that foams are 
non-Newtonian [11]. Every on-line model used in industry would benefit from a better 
understanding of the slag foaming behavior. Improved models would lead to a better control of the 
processes. 
 
The purpose of the present work is to carry out laboratory-scale experiments in order to improve 
the knowledge of the slag foaming behavior and its influence on moving particles and droplets. 
Starting with cold model measurements where silicone oil and argon gas was used to measure the 
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apparent viscosity of silicon oil foam. The measured values were compared with the given dynamic 
viscosity of the silicon oil. A second experimental approach was introduced to study the resistance 
time of droplets and particles in silicon oil foam.  
 
A high temperature experimental setup was employed to confirm if the cold model observations 
are similar to the high temperature measurements with slag. A major study focus was whether the 
structures obtained in foaming slag and foaming silicone oil are similar. The high temperature 
apparent viscosity measurements on foaming slag were based on LD-converter slag consisting of 
CaO-SiO2-FeO. The dynamic viscosity of slag was measured as a reference. The foaming slag was 
generated by the reaction of pig iron and graphite powder with converter slag.  
 

Experimental 
 
Cold Model Experimental Procedure 
 
Figure 1 schematically shows the setup used to simulate the foaming slag at room temperature. A 
transparent Plexiglas cylinder (inner diameter: 93 mm and height: 280 mm) was used as a vessel. 
A silica filter with pore size 10-16 μm was mounted inside. Under the filter a gas chamber was 
created. The silicon oil was stored above the filter. The argon was introduced from the bottom of 
the gas chamber and uniformly passed through the filter into the silicone oil. Foam made of silicon 
oil was generated. The silica filter was mounted 100 mm above the bottom.  
 
Silicone oils with dynamic viscosities of 0.1 Pa∙s and 0.2 Pa∙s 
were used. Both with a density of 980 kg m-3. In order to control 
the gas flow rate, a Bronkhorst mass flow meter (model F-
201CV-1K0-AAD-33-V, calibrated for 1 ln/min-1 Ar, 2 bar (g)/0 
bar (g) at 293 K) and a Bronkhorst High-Tech B.V.E -7000 flow-
buss controller were used. For the viscosity measurements a 
viscometer Brookfield LVDV-II+Pro using the Rotating Spindle 
Technique was mounted above the vessel. As measurement 
spindle a Brookfield standard spindle of model LV2 was used 
with a cylindrical bob diameter of 18.6 mm and a height of 6.7 
mm. All parameters needed for the viscosity measurements with 
this type of spindle are given by standard controlling software of 
the viscometer provided by the company Brookfield.  
 
The foam height above the silica filter was kept at 150 mm. Since different gas flow rates created 
foams with different relative foaming heights (Δh/h0), different amounts of silicone oil were used 
to keep a constant foam height. The viscosity measurements were started when the foam of silicone 
oil had become stable. 
 

Figure 1. Cold model 
experimental setup. 
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In order to record the movement and path of particles and 
droplets, a high speed camera and a regular camera were 
mounted close to the vessel. The particles and droplets were 
dropped from 20 mm above into the stabilized foam made of 
silicon oil. The falling time were measured with a stop watch and 
the resulting velocity was calculated. For the study, pig iron and 
silica gel particles and liquid metal (Ga-In-Sn) and liquid sodium 
polytungstate (SPT) droplets were used. At least ten tests with 
each of the particles and droplets carried out in order to confirm 
the reproducibility of the results. 
 
High Temperature Experimental Procedure 
 
In the high temperature experiments, graphite crucibles were 
used with an inner diameter of 30 mm, wall and bottom thickness 
of 10 mm and a total height of 140 mm. All crucibles were 
painted on the outside with yttrium oxide paint to reduce 
oxidation during experiment. In order to generate foaming slag, 
7 g of hot metal (3.9 mass% carbon), 1 g of graphite powder and 
67 g slag was put into the crucible. The slag composition was 
based on LD-converter slag which usually consists CaO(43 
mass%)-SiO2(32 mass%)-FeO(25 mass%).  

 
The FeO was produced by mixing Fe2O3 and iron powder. The mixture was heated to 1123 K and 
kept there for approximately 70 hours. The obtained sintered FeO was crushed into smaller pieces 
and mixed with CaO (calcined for 10 hours at 1173 K) and an already pre-melted slag consisting 
of 54 mass% CaO and 46 mass% SiO2 for the final slag composition.  
 
The high temperature experiments were carried out in an open air setup using an induction furnace 
equipped with a water cooled copper coil, a schematically drawing of the setup is given in Figure 
2. 
 
For temperature measurement and experimental control, an infrared temperature sensor of model 
thermometer CTM-1SF75-C3 was used. Regular thermocouples are not suitable for these kind of 
applications because of the influencing effect of the magnetic field induced by the induction 
furnace on the temperature measurements [12]. The IR-sensor was calibrated with a pyrometer of 
model Raytek Thermoalert ET. Since the magnetic field is changing from the middle part of the 
coil to the upper and bottom part, the crucible temperature can be unstable. The authors of the 
present manuscript are aware of it. Since the purpose of the experiment was to find trends and not 
to report absolute values of the slag foam or slag viscosity, a temperature difference of 50 K was 
considered acceptable. 
 
As a reference value, the dynamic viscosity of slag was measured. In comparison to the slag foam 
measurements, painted molybdenum crucibles were used. To avoid any gas formation and thus 
slag foam generation, no graphite powder or hot metal was put into the crucible. The molybdenum 
crucible was protected by continuously flushed argon gas in a quartz tube (Figure 2) in order to 
reduce oxidation during experiment. 

Figure 2. High temperature 
experimental setup. 
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A viscometer of model Brookfield RVDV-II+Pro was used for the high temperature slag foam 
measurements, while a viscometer of model Brookfield LVDV-II+Pro was used for the liquid slag. 
The viscometer Brookfield LVDV-II+Pro is more suitable for considerable lower viscosities as 
measured in slag. As spindle, a nonstandard spindle made of molybdenum was used. The spindle 
was designed as a cylinder with a conical tip to be able to introduce the spindle easily into the slag. 
The cylindrical part of the spindle was 15 mm in diameter and 7 mm in height. The conical part 
had a height of 4 mm. Due to the missing parameters in the controlling software of the viscometers 
for non-standard spindles, only the torque could be measured. The viscosities, μ, were calculated 
with equation (1), 
 

TorqueSMCTK
RPM

���	
100�                                             (1) 

 
where RPM is the revolutions per minute, TK is the torque constant, the SMC is the Spindle 
Multiplier constant, which was calculated using silicone oil as reference. 

 
Results 

 
Cold Model Experiments 
 
It can be seen in Figure 3 that the silicone oil foam has a homogeneous structure with spherical 
bubbles and a size distribution of 1-2 mm. The gas volume fraction is approximately 0.7 (depending 
on gas flow rate) and the liquid phase occurs only as a thin film between the bubbles. 
 
The results from the apparent viscosity 
measurements show that the silicone oil foam is a 
shear thinning non-Newtonian fluid. This finding 
is in accordance with literature [11]. The apparent 
viscosity of the foam is higher than the dynamic 
viscosity for pure silicone oil. In the low rotation 
speed region, the apparent viscosity is up to five 
times higher as in pure silicon oil, as given in 
Figure 4 a) and 4 b). Figure 4 a) shows the 
measured apparent viscosities in silicone oil 
foam. For these measurements a silicon oil with a 
dynamic viscosity of 0.1 Pa∙s was used. The 
measured apparent viscosities in silicon oil foam 
vary from 0.3 to 0.47 Pa∙s depending on the rotation speed of the spindle. The apparent viscosity 
also seem to vary with different gas flow rates, a higher viscosity with decreasing gas flow rates 
can be observed. Figure 4 b) shows similar behavior for a silicon oil with a dynamic viscosity of 
0.2 Pa∙s. 

Figure 3. Silicone oil foam. 
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a) 0.1 Pa∙s b) 0.2 Pa∙s 

Figure 4. The apparent viscosity of silicon oil foam as a function of spindle rotation speed. 

The falling time, residence time, of the particles 
and droplets in silicon oil foam can be seen in 
Figure 5. The heavier and larger particles 
destroyed the silicon oil foam, making smaller 
bubbles collide and turned into bigger ones, and 
fell fast down towards the bottom of the vessel. 
For lighter and smaller particles and droplets, the 
paths were decided by the resistance of the foam 
bubbles which pushed the particles and droplets 
aside as they fell, prolonging the residence time. 
It can be observed that the velocity of these 
particles and droplets are much lower than 
expected. 
 
High Temperature Experiments 
 
The trends shown for the cold model viscosity measurements are confirmed to be similar at high 
temperatures. The slag foam shows a similar shear-thinning non-Newtonian behavior. With 
increasing rotation rate (shear rate) the viscosity is lower and the measured apparent viscosity in 
slag foam is much higher comparing to the pure slag. The results are shown in Figure 7. 
 
Keep in mind that the measured values of the apparent viscosity are only valid for the present setup. 
With different temperatures, different spindles, the results can change. But as mentioned earlier, 
the purpose of the study is not to report accurate values, but to find trends. The results form a good 
basis for discussion. 
 
Foaming slag samples were quenched, mounted into pellets and cut into discs. Two samples can 
be seen in Figure 6. Unlike the silicone oil foam, the structure of foaming slag seem to be 
heterogeneous with irregular shaped gas phase and a bigger size distribution of 0.1 - 4 mm. 

 
 

Figure 5. Particle/ droplet residence time in 
silicon oil foam as a function of particle 

size. 
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Discussion 
 
As mentioned above, the smaller and lighter particles and droplets do not destroy the foam. These 
light particles/droplets have considerably longer residence time than expected. One reason of the 
longer residence time is that the path is not straight, the particles moving in both vertical and 
horizontal directions through the foam in 
between the bubbles. Another more important 
reason for the longer residence time is the much 
higher apparent viscosity in the oil foam. In 
view of the low velocities of the moving 
particles, the viscosities obtained using lower 
rotation speed of the spindle would be more 
relevant. The apparent viscosity is five times 
higher than the dynamic viscosity of the silicone 
oil, which leads to much lower velocity of the 
falling particles/droplets and consequently 
much longer residence time. 
 
As discussed in connection with Figure 4, the 
silicone oil foam does not show a behavior of 
Newtonian flow. Instead a shear thinning 
behavior is observed. Similarly, the slag foam 
also shows a non-Newtonian shear thinning 
behavior, (Fig.7). Non-Newtonian fluids are 
difficult to predict, since it depends on the 
experimental setup and conditions. For example, 
the results may differ with the type of spindle as 
well as vessel. Despite of the nature of the non-
Newtonian flow, the results shown in Figures 4 
and Figure 7 still indicate evidently that the 
dynamic viscosity of the liquid (for both oil and 
slag) plays much less important role in 
determining the apparent viscosity of the foam and therefore the movement of the particles in the 
foam. 
 
The apparent viscosity is not proportional to the dynamic viscosity. A comparison of the apparent 
viscosities of the two different silicone oils (Fig. 4) reveals that the apparent viscosity of the foam 
using 0.2 Pa�s oil is only 10-20% higher than the foam formed by the silicone oil of 0.1 Pa�s. The 
fact that the apparent viscosities are not proportional to their dynamic viscosities indicates that 
there is a common factor affecting the viscosity of the foam. 
 
As discussed in detail in the literature [13]; the energy needed to deform an interface between the 
liquid and gas is higher than the energy needed to deform the bulk liquid. This finding is in fact in 
good agreement with the literature [11]. A semi-quantitative calculation is made in the previous 
work [14]. Assuming no volume change, when a sphere with radius of 1 mm is compressed into a 
spheroid with height c = 0.7 mm, the deformation leads to an increase in surface area of 6.4%, and 
consequently an increase of 6.4% in surface energy. The silicone oil used has a surface tension of 

Figure 6. Structure of slag foam after 
quenching. 

Figure 7. Apparent viscosity of foaming slag as 
a function of spindle rotation speed. 
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2.1�10-2 J�m-2. For a spherical bubble with dimension r = 1 mm, the surface energy change due to 
deformation would be of 1.02�10-7 J, since the movement of a particle would involve approximately 
the deformation of six bubbles (in minimum) at the same time. The work against the viscous force 
needed to move the particle through the pure liquid was found to be approximately 20% of the 
surface energy change for deformation of the bubbles. This semi quantitative calculation explains 
well the experimental result that the apparent viscosity of a foam is about 4-5 times bigger than the 
dynamic viscosity of the liquid. The calculation indicated evidently that it was the change of the 
surface energy that plays a very profound role in determining the apparent viscosity in comparison 
with the viscous energy of the liquid. This calculation could even explain why there is only a 10-
20 % increase in apparent viscosity when using silicone oil with a 100 % higher dynamic viscosity 
shown in Figure 4 a) and b).  
 
As revealed by Fig. 7, even in a foaming slag, the dynamic viscosity of the pure slag plays a much 
smaller role in determining the apparent viscosity of the foam. It is expected that the surface tension 
of the slag is still dominating in this context. On the other hand, the simple estimation made above 
for foaming silicone oil would suggest a much higher apparent viscosity of a slag foam in 
comparison with the experimental results shown in Fig.7, since the surface tension of slag is 
substantially higher than silicon oil [15, 16]. A careful comparison of the structures of the two types 
of foams would help the understanding of this difference. 
 
As shown in Figure 3, the silicone oil foam has a homogeneous structure with spherical bubbles 
and a size distribution of 1-2 mm. The gas volume fraction is approximately 0.7. It is important to 
point out that the liquid phase occurs only in the thin film surrounding the bubbles. The thin liquid 
film is not seen in the slag foam. Small liquid “bulks” are present all over the foam along with the 
gas bubbles. In other words, the gas is not separated by liquid films. The bubbles distribute in the 
liquid phase creating a two phase mixture, but not a bubble structure. A careful microscopic 
examination reveals that the bubble size in the slag foam ranges from 0.1 mm to 4 mm. This is in 
strong contrast with the silicone foam, where all the bubbles are in the range between 1 - 2 mm.  
The ratio of the gas volume over the total volume of the slag foam (Vgas/Vtot) is estimated to be 
approximately 0.35 by using point counting [17], which is only 50% of the ratio in silicon oil foam. 
The lower (Vgas/Vtot) of the slag foam along with the existence of the small liquid “bulks” would 
suggest that the role of surface energy change due to the movement of any particle in the foam 
would be less profound comparing to the silicone oil foam.  
 

Conclusions 
 

The present results reveals confidently that the surface tension has much bigger impact on the 
apparent viscosity and therefore on the movement of particles in the foam in comparison with the 
dynamic viscous energy. The required surface energy change could slow down the particle 
movement greatly in a foaming slag. Therefore the use of the dynamic viscosity to estimate the 
residence time of a particle is seriously questioned. The difference in foam structure between 
silicone oil and slag indicates that while the cold model study using silicone oil is very useful, the 
conclusion obtained should be used with certain precaution when applied to slag system. 
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Abstract 

 
The effect of solid phases and SiO2 and Al2O3 additions on the viscosity of BOF slag was 
measured with a rotational viscometer in the temperature range of 1500°C-1700°C. Various 
viscosity models for completely liquid slag were evaluated and parameters in the Einstein-
Roscoe equation were optimized to estimate the influence of the solid phases on the BOF slag 
viscosity. 
 

Introduction 
 
One of the important by-products of the oxygen converter process is basic oxygen furnace (BOF) 
slag. With the booming of steelmaking industry, a vast amount of BOF slag is produced [1]. 
However, the recycling of BOF slag is a significant challenge for steelmaking industry. The 
traditional application of BOF slag as aggregate in road construction is limited because of the 
presence of free CaO and MgO, which leads to a long term volume expansion, resulting in rapid 
deterioration of the road or cement. Several treatments have been developed in order to stabilize 
BOF slag, amongst which a hot stage slag engineering that has been applied commercially to 
both stabilize BOF slag and achieve high value products[2]. In this process additives (SiO2, Al2O3, 
etc.) are introduced to stabilize the free CaO and MgO and to modify the mineralogy to facilitate 
subsequent use in building products [3]. However, the current hot stage slag engineering practice 
does not work for slags with a low liquid fraction or a high viscosity. Viscosity is a crucial 
parameter for the slag treatment practice due to its influence on the flow properties of the slag, 
dissolution speed of additives, mass and heat transfer through the slag and the sedimentation of 
metallic iron particles (or droplets) to the bottom of slag pot. The injection of additives during 
the hot stage treatment process can be hampered and blocked due to the high viscosity of the slag. 
Therefore, it is essential to obtain specific knowledge of BOF slag viscosity and to understand 
how the additives affect the viscosity of the slag system. In the present study, the viscosity of a 
typical BOF slag has been measured and the effect of SiO2 and Al2O3 addition on the slag 
viscosity has been investigated. The Einstein-Roscoe equation with optimized parameters 
combined with the FactSage viscosity model was used in prediction of the BOF slag viscosity. 

 
Experimental  

 
Materials and sample preparation 
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2 
 

Industrial BOF slag samples were obtained from a steel plant having a typical composition as 
shown in Table 1. The basicity (CaO/SiO2) of the investigated BOF slag is in the range of 
3.5~4.6. 
 

Table 1. Chemical composition of BOF slag sample (XRF, wt %) 

Sample CaO T.Fe SiO2 MnO MgO Al2O3 SiO2/CaO 

BOF 42-55 14-20 12-18 0.0-8.0 0.0-5.0 0.0-3.0 3.5-4.6 
 
Dried reagent grade SiO2 and Al2O3 powders were used as additions in this study. Different 
quantities of both additions were mixed with original BOF slag powders for viscosity 
measurement.  
 
Viscosity measurement  
 
Viscosity measurement of the samples was conducted with a rotational viscometer (Ravenfield 
Model FG MkIV viscometer; Ravenfield Designs Ltd, Heywood, UK). The viscometer consists 
of a rotating outer cylinder (crucible) and fixed inner column (spindle) that measures the torque. 
The outer cylinder rotating viscometer is of higher precision than the inner column rotating 
viscometer due to the static axis and non-friction loss for torque measurement. The measurement 
was carried out under Ar (99.999 mol %) atmosphere. The details of the set-up and dimensions 
of the crucible and spindle can be found elsewhere [4]. 
The viscometer was calibrated with standard oil at room temperature before each measurement. 
50 gram of slag sample was milled into powders to guarantee its homogeneity. About 5 gram of 
the slag sample was loaded in the crucible, heated up to the temperature of interest and held for 
30 minutes for homogenization. Afterwards, the spindle was lowered down into the molten slag 
and the crucible was rotated at a speed of 200 rpm. The torque was registered and converted to 
viscosity according to the Ravenfield software. Viscosity of samples was measured at the 
following temperatures: 1500, 1550 1600 1650 1700 . 

 
Results and discussion 

 
Viscosity of original BOF slag 
 
The measured viscosity of the original BOF as a function of temperature is shown in Figure 1. It 

is observed that the BOF slag viscosity gradually increases from 36.7 mPas to 171.3 mPa s 
as temperature decreases from 1650  to 1500. Due to the high basicity, solids are frequently 
present in the BOF slag, e.g. undissolved CaO, MgO, etc. [5] According to the FactSage (version 
6.4, FactPs and FToxid are selected as database) calculations, solid CaO is present in the 
temperature range from 1550 to 1700. The volume fraction of solid phases (free CaO) and 
liquid phases were determined by FactSage and Mill’s density model [6], respectively. Figure 1 
shows that the investigated BOF slag contains 6.4 vol% solids even at 1650 . The volume 
fraction of solids gradually increases as temperature decreases.
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Figure 1. Experimental viscosity and calculated volume fraction of solids of BOF slag sample as a 

function of temperature 

 
Effect of Al2O3 and SiO2 on BOF slag viscosity 
 
In order to investigate the effect of SiO2 and Al2O3 additions on BOF slag viscosity, different 
quantities of SiO2 and Al2O3 were added to the original BOF slag. Figure 2.a) shows the 
correlation between the measured BOF slag viscosity and the Al2O3 addition amount. It is 
observed that the viscosity decreases slightly up to 5 wt% Al2O3 addition, with further Al2O3 
addition leading to a viscosity increase. This can be interpreted by the combined contribution of 
solid and liquid phases to the viscosity of the solid-containing slag. Viscosity of a solid-liquid 
mixture is determined by two factors: the volume fraction of solids and the viscosity of the liquid 
phase. As shown in Figure 2.b), the solid fraction decreases with increasing Al2O3 content. This 
explains the Al2O3 effect at 5 wt% addition (Fig.2a)). It suggests that the effect of solid phases on 
viscosity is a dominant factor for the original BOF slag. However, once the slag becomes fully 
liquid (e.g. 11 wt% and 15 wt% Al2O3 addition), Al3+ can partially substitute Si4+ in the silicate 
network, due to the charge compensation effect in highly basic slag, thereby acting as network 
former and increasing viscosity [7].The result implies that in order to decrease the viscosity of the 
present BOF slag the addition of Al2O3 should be below 11 wt%.   

441



4 
 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

20

40

60

80

100

120

140

160

Added wt.% Al
2
O

3
 

 

V
is

co
si

ty
 (m

P
a�

s)

 1700
C
 1650
C
 1600
C
 1550
C

Added SiO
2
%=0 a)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0

2

4

6

8

10

 1700
C
 1650
C
 1600
C
 1550
C

V
ol

um
e 

fra
ct

io
n 

of
 s

ol
id

 (%
)

Added wt.% Al
2
O

3

b)

 
Figure 2. a) Dependence of BOF slag viscosity on added Al2O3 

b) Correlation between volume fraction of solids in BOF slag with added Al2O3 

The effect of SiO2 addition on BOF slag viscosity after 5 wt% Al2O3 addition is shown in Figure 
3.a). It is found that the viscosity decreases after addition of 1 wt% SiO2, but increases gradually 
for higher SiO2 additions. This can be understood by comparison with the calculated volume 
fraction of solid phases (Figure 3.b)): the addition of up to 3 wt% SiO2 removes all solid phases. 
As the SiO2 content increases in the highly basic slag, more bridging oxygen atoms are provided 
to the slag due to the formation of silicate dimers, trimers and even longer chains, rings and a 
three-dimensional network, resulting in a viscosity increase[8].  
Although no solids are expected to be present at 1650  and 1700  according to the calculations, 
the viscosity measurements (Figure 3.a)) suggest that some solid phases still exist at these 
temperatures, which can be deduced from the viscosity decrease from 0 wt% SiO2 to 1 wt% SiO2 
addition at these temperatures. The discrepancy between calculations and experiments is due to 
the presence of other minor elements (e.g. TiO2, V2O5, Cr2O3, MoO3, S, etc.) which have not 
been accounted for in the solid fraction calculation. It can be concluded from the experimental 
results in Figure 3.a) that even a small amount of SiO2 addition, such as 1 wt% SiO2 can decrease 
BOF slag viscosity after 5 wt% Al2O3 addition.   
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Figure 3. a) Dependence of BOF slag viscosity on added SiO2 

b) Correlation between volume fraction of solids in BOF slag with added SiO2 
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Viscosity modelling 
There is considerable literature on the prediction of silicate melt viscosity. This includes the 
well-known Urbain[9], Riboud[10], Iida[11], quasi-chemical[12] and modified quasi-chemical (MQC) 
models [13][14][15], which have been applied for different slag systems at distinct composition 
ranges. However, these viscosity models are only valid for homogeneous Newtonian liquids and 
cannot correctly predict the viscosity when solid phases are present. To account for the presence 
of solid particles, the Einstein-Roscoe equation [16] is commonly used. 

(1 ) Bs S
R

l m

��
�

�
	 	 �


(1)

where R� is the relative viscosity; S is the volume fraction of solids;  s� and l� are the 

viscosity of the suspension (mixture of solid and liquid phases) and the remaining liquid, 
respectively; m is the maximum packing fraction of solids, B is a shape factor representing the 

effect of the solids’ shape on viscosity. Limited studies have been reported to apply the Einstein-
Roscoe equation in estimating the viscosity of metallurgical slag and there is no consensus yet on 
the parameters in this equation. Additionally, the viscosity model applied in predicting the 
viscosity of the liquid phase in BOF slags can have an enormous influence on the accuracy of the 
Einstein-Roscoe model. Therefore, a number of models for fully liquid slag were evaluated by 
comparing the calculated results with the measured viscosity of completely liquid slag 
(according to calculation, only completely liquid slags at corresponding temperatures were used 
for the comparison). The errors on the estimated viscosity for different models were summarized 
in Table 2.

Table 2. Errors of viscosity models in estimating liquid slag viscosity 

Models ∆/%
MQC[13][14][15] 29.10

Utigard-Warczok[17] 30.35
S2[18] 34.36

Optical basicity[19] 39.39
T-shift[20] 41.01

Iida[21] 41.32
Riboud[10] 44.65
MLL[22] 56.05

Urbain[23] 153.94

The error ∆ is adopted in the present study to evaluate the performance of different models for 
predicting slag viscosity:  

%
%

n
N

�
� 	 � (3)

� �
% 100 meas calc

meas

n
� �

�
�

�
	 (4)

where N is the number of data points, meas� and calc� indicates the measured and calculated 

viscosity, respectively.  
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Among the nine viscosity models, FactSage (MQC) gives a relatively accurate prediction, which 
can be used to predict the viscosity of the liquid phase in BOF slag. Mills [22] commented that the 
uncertainty in high temperature viscosity measurement is about 20%, due to the changes in slag 
composition and systematic errors of different types of apparatus. Hence, it is acceptable to 
calculate the viscosity of the liquid phase in BOF slags using the FactSage viscosity model.  
Combining the FactSage viscosity model with the Einstein-Roscoe equation, the relative 
viscosity of the solid-containing slag is plotted against the volume fraction (<0.11) of solid 
phases in Figure 4. The solid curve represents the prediction of the Einstein-Roscoe model with 
optimized parameters (Equation (2)).

1(1 )
0.13

S
s l� � �

	 � (2)

The optimized parameters were obtained by minimizing the sum of squared differences between 
the predicted and experimental values. The m obtained in the present study indicates that the 

relative viscosity approaches infinity as the solid volume fraction increases up to 0.13. The shape 
factor B in this study (B=1) is smaller than the theoretical value obtained by Einstein, which 
takes the value of 2.5 for uniform spheres. Also in literature, other attempts to identify the value 
of m and B have been made. Kondratiev[ 24 ] has investigated the viscosities of the partly 

crystallized slags in the Al2O3-CaO-“FeO”-SiO2 system and found that the calculated viscosity 
by using the Einstein-Roscoe equation with m =0.49 and B=1.29 yields good agreement with 

experimental results. Wright [25] measured the viscous properties of a CaO-MgO-Al2O3-SiO2 slag 
with different amounts and sizes of MgAl2O4 spinel particles and concluded that the measured 
viscosity fitted well with the Einstein-Roscoe equation with m =0.24, 0.30, and 0.28 and 

B=1.28, 2.36, and 2.24 for fine, medium, and coarse particles, respectively. Seok et al [26] studied 
the effect of solid crystals on the viscosity of CaO–SiO2–FeO–MgO–Al2O3 slags at 1773 K and 
concluded that the maximum packing fraction ranged from 0.26 to 0.36. This overview illustrates 
that as both parameters are influenced by the size, shape and distribution of the solid phases, 
different slag systems yield different B and m values. Further study is needed to investigate 

systematically the effect of amount, size, shape and distribution of solid phases on the viscosity 
of solids-containing slag.   
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444



7 
 

 
Conclusions 

 
The viscosity of industrial BOF slag with different Al2O3 and SiO2 additions was measured by 
using a rotational viscometer. The effect of Al2O3 and SiO2 additions on the volume fraction and 
viscosity of BOF slag has been discussed. Various viscosity models have been evaluated by 
comparing with the experimental results. The following conclusions were obtained:  

(1) BOF slag studied in this work contains solid phases even at high temperature (1700 ). 
(2) Al2O3 and SiO2 can decrease the viscosity as long as they lead to a decrease in the 

fraction of solid phases, but increase the viscosity of the fully liquid slag by network 
forming. 

(3) The Factsage viscosity model has the smallest error amongst the 9 evaluated viscosity 
models (Factsage, Utigard-Warczok, S2, Optical basicity, T-shift, Iida, Riboud, MLL, 
Urbain) in estimating the viscosity of fully liquid BOF slag after addition of Al2O3/SiO2.  

(4) Combining the Factsage viscosity model for liquid phase viscosity with the Einstein-
Roscoe equation (optimized parameters: m =0.13, B=1) allows to predict solid-

containing BOF slag viscosity.  

 
 

Acknowledgements 
 
The authors acknowledge the support from IWT grant 140514. Zhuangzhuang Liu would like to 
thank the China Scholarship Council for providing scholarships and Professor Jungwook Cho 
(Pohang University of Science and Technology) and Dr SeungHo Shin (Pohang University of 
Science and Technology) for valuable guidance with respect to the viscosity measurements.  
 

References  
 
                                                 
[1] R.M. Santos, D. Ling, A. Sarvaramini, et al., Stabilization of basic oxygen furnace slag by 
hot-stage carbonation treatment. Chemical Engineering Journal, Vol. 203, 2012, pp. 239–250. 
[2] M. Kühn et al., Treatment of Liquid Steel Slags. 2nd European Slag Conference, Düsseldorf, 
Germany, 2000, pp. 123-135. 
[3] Y. Pontikes, L. Kriskova, X. Wang, et al. Additions of industrial residues for hot stage 
engineering of stainless steel slags. Proceedings of 2nd International Slag Valorisation 
Symposium, Belgium, 2011, pp. 313-326. 
[4] S.H. Shin, J.W. Cho and S.H. Kim, Shear thinning behavior of calcium silicate-based mold 
fluxes at 1623 K, J. Am. Ceram. Soc., Vol.97, 2014, 3263–3269. 
[5] A.M. Bronsch, M A. Duchesne, P J. Masset et al. Prediction and measurement of the coal 
slag viscosity including the influence of solid particle fractions. Ninth International Conference 
on Molten Slags, Fluxes and Salts. 2012. 
[6] K.C. Mills and B.J. Keene, Physical properties of BOS slags. International Materials Review. 
Vol.32, 1987, pp.1-120. 

445



8

[7] A. Grundy, I. Jung, A.D. Pelton, et al., model to calculate the viscosity of silicate melts. 
International Journal of Materials Research, 2008, Vol. 99, pp. 1194-1209. 
[8] A. Grundy, H. Liu, I. Jung, et al., A model to calculate the viscosity of silicate melts. 
International Journal of Materials Research, 2008, Vol. 99, pp. 1185-1194. 
[9] G. Urbain, Y. Bottinga, and P. Richet. Viscosity of liquid silica, silicates and alumina-
silicates, Vol.46, 1982, pp.1061-1072.  
[10] P.V. Riboud,, Y. Roux, L.D. Lucas, et al., Improvement of continuous casting powders. 
Fachberichte Hüttenpraxis Metallweiterverarbeitung, Vol. 19, 1981, pp. 859-869.  
[11] T. Iida, H. Sakai, Y. Kita. et al., Equation for estimating viscosities of industrial mold fluxes. 
High Temperature Materials and Processes. 2000, Vol.19, pp. 153–164.
[12] A. Kondratiev, E. Jak. A quasi-chemical viscosity model for fully liquid slags in the Al2O3-
CaO-‘FeO’-SiO2 system. Metallurgical and Materials Transactions B. Vol.36, 2005, pp 623-638. 
[13] W. Kim, A.D. Pelton, S. A. Decterov. A model to calculate the viscosity of silicate melts. 
International Journal of Materials Research, 2012 Vol. 103, pp.313-328. 
[14] E. Brosh, A. D. Pelton, S. A. Decterov. A model to calculate the viscosity of silicate melts. 
International Journal of Materials Research, 2013,Vol. 103, pp.494-501. 
[15] E. Brosh, A. D. Pelton, S. A. Decterov. A model to calculate the viscosity of silicate melts. 
International Journal of Materials Research.2013, Vol. 103, pp.537-550. 
[16] R. Roscoe. The viscosity of suspensions of rigid spheres. Br. J. Appl. Phys. Vol.3, 1952, 
pp.267-269. 
[17] T.A. Utigard, A. Warczok. Density and viscosity of copper/nickel sulphide smelting and 
converting slags. Proceedings of COPPER, 1995. 
[18] S. Vargas, F.J. Frandsen, K. Dam-Johansen. Rheological properties of high temperature 
melts of coal ashes and other silicates. Prog Energy Combust Sci. Vol.27, 2001, pp. 237–429. 
[19] K.C Mills, and S. Sridhar, Viscosities of ironmaking and steelmaking slags. Ironmaking and 
Steelmaking, Vol. 26, 1999, pp. 262-268. 
[20] G. J. Browning, G. W Bryant, J. Hurst, et al., An empirical method for the prediction of coal 
ash slag viscosity. Energy Fuels, Vol.17, 2003, pp. 731-737.
[21] L. Forsbacka, L. Holappa, T. Iida, et al. Experimental study of viscosities of selected CaO-
MgO-Al2O3-SiO2 slags and application of the Iida model. Scandinavian Journal of Metallurgy, 
Vol. 32, 2003, pp. 273-280.
[22] K.C. Mills. The Estimation of Slag Properties. Southern African Pyrometallurgy, 2011. 
[23] G. Urbain, Viscosity estimation of slags. Steel Research, Vol. 58, 1987, pp. 111–116. 
[24] A. Kondratiev and E. Jak. Modeling of viscosities of the partly crystallized slags in the 
Al2O3-CaO-“FeO”-SiO2 system. Metallurgical and Materials Transactions B, Vol. 32, 2001, pp. 
1027-1032.
[25] S. Wright, L. Zhang, S. Sun et al., Viscosity of a CaO-MgO-Al2O3-SiO2 melt containing 
spinel particles at 1646K. Metallurgical and Materials Transactions B, Vol 31, 2000, pp. 97-104.
[26] S. Seok, S. Jung, Y. Lee et al., Viscosity of highly basic slags. ISIJ International, Vol. 47, 
2007, pp. 1090–1096.

446



Viscoelastic Properties of Calcium Silicate Based Mold 
Fluxes at 1623K 

 
Seung-Ho Shin1*, Jung-Wook Cho2, Seon-Hyo Kim1 

 
1 Department of Materials Science and Engineering, Pohang University of Science and 

Technology, Pohang 37673, Republic of Korea 
 

2Graduate Institute of Ferrous Technology, Pohang University of Science and Technology, 
Pohang, 37673, Republic of Korea 

 
Keywords: shear thinning, mold flux, continuous casting, dynamic viscosity measurement  

 
Abstract 

 
CaO-SiO2-CaF2 based flux in a continuous steel caster has to show dual viscous 

functions to minimize slab defects - high viscosity enough to avoid flux entrainment at mold top 
surface and low viscosity enough to maximize lubrication capability at oscillated mold wall 
region. Liquid flux could show a shear thinning behavior when its viscosity decreases with 
increasing shear rates. Flux viscosity was measured by a rotational type viscometer as a function 
of shear rates. Raman and XPS analysis were employed to understand structural changes of flux 
for correlating with shear thinning behavior. The present work has focused on developing an 
optimum mold flux system with strong shear thinning behavior. The strong shear thinning 
behavior appropriate for dual viscous functions could be achieved by incorporating borate or 
silicon nitride into the flux. The flux compositions with a strong shear thinning behavior will be 
presented from the viewpoint of clean slab production. 

 
Introduction 

 
Due to the need for sound slab surface quality and higher productivity, the continuous 

casting of steel has adopted for a long time. During the casting process, the liquid flux 
encounters contradictory situation because it has to show dual viscous functions to minimize slab 
surface defects- high viscosity enough to avoid entrainments of mold flux at the mold top surface 
where shear rate is approximately between 10 and 40 reciprocal seconds and low viscosity 
enough to maximize lubrication capability at mold wall region where shear rate equals to 100 to 
1000 reciprocal seconds.  

Such dual viscous functions of the flux melts could easily be achieved by enhancing 
shear thinning behavior. The previous researches have suggested two different ways to enhance 
shear thinning behavior of the flux melts: one is incorporation of borate into glass network 
system and the other is incorporation of silicon nitride into the same system. Interestingly, it had 
been found that each associative additive works for enhancing shear thinning behavior with a 
completely opposite manner. When borate is added to the system, viscosity decreased at higher 
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shear rates without a significant change in viscosity at lower shear rates. On the other hands, 
silicon nitride incorporates into silicate network system and increases viscosity at lower shear 
rate without a significant viscosity change at higher shear rates.  

Despite considerable progress in understanding associate additives’ role to enhance 
shear thinning property for the academic purpose and application to continuous casting process 
for the industrial purpose, the researches regarding dynamic viscosity measurement profile of the 
flux melts and development of flux melts’ chemical composition applicable to the steel industry 
still remain elusive.   

Here we report the strongest shear thinning behavior of CaO-SiO2-CaF2 based melts ever 
that is successfully achieved by modifying melts’ structure with a simultaneous incorporation of 
two associative additives: borate and silicon nitride. Also, our dynamic viscosity measurements 
confirm amount of storage modulus (elastic property) and loss modulus (viscose property) of 
each mold flux sample. In doing so, it is feasible to understand about role of associative additive 
by comparing each modulus from the standpoint of rheological study.    

 
Experimental Technique  

 
Sample preparation For the glass melts preparation, the reagent-grade chemicals 

including CaCO3, SiO2, CaF2, Al2O3, MgO and Na2CO3 were melted in a pt crucible at 1573K 
for half an hour to complete homogeneous state of mixtures. Subsequently, the prepared melts 
were quenched by applying glass melts into a cold water cooled steel plate. The prepared glass 
melts have basicity (CaO/SiO2 ratio) of 0.94 and used for the precursor of glass melts with 
associative additive. For the preparation glass melts with associative additives, each additive: 
reagent grade borate and silicon nitride were added to the precursor with an appropriate amount 
and melted for half an hour to achieve homogeneous state and followed by quenching process on 
a cold steel plate. Before conducing viscosity measurement, all prepared samples were pre-
melted to achieve chemically stable state. In doing so, it is feasible to avoid a significant 
chemical composition change before and after the viscosity measurement.  
 

Rheological measurement Rheological study was carried out on rotational type 
rheometer equipped with high temperature furnace (Ravenfield Modle FG MkIV; Ravenfield 
Designs Ltd, Heywood, UK) under controlled oxygen fugacity. The schematic drawings, specific 
dimensions and procedures performed are described in ref 5-7. Rheological measurement 
consists of classic viscosity measurement and dynamic viscosity measurement. For the former, 
the viscosity was measured with a planned stepwise shear rate history. The latter measures 
viscosity with a continuous shear rate history and followed by its analysis with deformation zone 
estimation. Fig1. below represents shear rate history for each rheological measurement.  
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Fig1. (a) shear rate history during classic viscosity measurement. Once the viscometer reaches 
target temperature, the spindle begins to rotate at each target shear rate (from 20 to 400 rpm) for 
10 minutes to collect approximately thousands of viscosity data points which will eventually be 
averaged. (b) shear rate history during dynamic viscosity measurement. The viscosity measured 
continuously at each shear rate points. This means that a special care needs to be taken to 
complete the experiment due to the insufficient data point to confirm the viscosity at each shear 
rate.  

 
Results and Discussion  

 
Figure2 reveals viscosity measurement of glass liquid flux by increasing shear rates at 1623K. 
For the accurate and precise measurement of viscosity, the test for associative additive effect has 
been conducted with a planned stepwise shear rate history. 

 
Fig2. Effect of associative additive on shear thinning behavior of liquid flux 

 
It is notable that the effect of each associative additive is clearly different from one another. 
Borate is effective in decreasing viscosity at higher shear rates without significant viscosity 
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changes at lower shear rates. On the other hands, silicon nitride enhances shear thinning behavior 
by increasing viscosity at lower shear rate without a significant change at higher shear rates. In 
particular, it is interestingly discovered that a simultaneous addition of both associative additives, 
indeed, leads to the strongest shear thinning behavior ever by taking advantages of both additives.  
In order to quantify shear thinning degree, a power law model is used within specific ranges of 
shear rates. The Oswald De Waele’s power law model could be used to mathematically express 
the power law region of a flow curve as follows:                 
 

 
 

where K is consistency and n is flow behavior index. 
 

The flow behavior index, n, is dimensionless number which relates the closeness to 
Newtonian flow. When amount of 0<n<1, the fluid is called shear thinning and when n>1, the 
fluid is recognized as shear thickening in natures. That is, the range of power law changes from 0 
for extremely shear thinning fluids to 1 for Newtonian fluids. According to the results, the 
strongest shear thinning behavior of liquid flux has been achieved when 28.1 wt percent of 
borate and 1 wt percent of silicon nitride are simultaneously incorporated with a flow behavior 
index of 0.77. Compared to the flow behavior index of basic sample (0.87), this dimensionless 
flow behavior index is low and increases opportunity to use this concept to actual continuous 
casting process of steel. Especially, the experimental evidence suggests that simultaneous 
incorporation of borate and silicon nitride could increase the viscosity at lower shear rates and 
decrease the viscosity at higher shear rates at the same time which is perfect condition to reduce 
the melt’s entrainment and maximize lubrication capability of continuous casting process.  

In dynamic viscosity measurement exhibited in Fig3, the storage modulus is higher at the 
absence or present of low shear rate, thus the molecules behave more like a rigid solid structure. 
However, loss modulus is higher than storage modulus at higher shear rates, therefore the 
material adapt a liquid like structure. The crossover point of modulus curves, G’=G” provides 
important information about structural difference among 4 different types of mold flux melts’ 
molecules. Interestingly, the crossover point for each glass melt is different due to the role of 
associative additive. In comparison of the crossover points for each sample, silicon nitride 
addition increases elasticity of liquid flux and shift crossover point to the right. This is 
presumably because a small amount of silicon nitride is effectively incorporated into the melt’s 
network system by taking advantage of its bonding superiority resulting in an appropriate 
polymerization and complexity level which generates a partial increase on viscosity at lower 
shear rates without a remarkable change of viscosity at higher shear rates. On the other hands, 
borate addition decreases elasticity of mold flux and moves the crossover point to the left 
compared to the basic sample. Substitution between tetrahedral silicate network and triangular 
borate with lower bonding energy may be a plausible explanation of such behavior. As 
previously discussed, a relatively large number of borate addition (28.1wt%) causes an increase 
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on polymerization degree and replacement from silicate network to weaker borate bonds. Thus, 
elasticity of material decreases and reaches crossover point at lower shear rates than basic sample. 
 

 
Fig3. Elastic (G”) and viscous (G’) modulus as a function of imposed shear rate history. The 
figures are drawn by the results of dynamic viscosity measurement profile and analysis of 
deformation zone estimation. The increasing level of shear rates causes a transition from a solid-
like to a viscous-like structure. The results clearly indicate that role of each associative additive 
is opposite to one another. 
 

This result strongly supports mechanism to enhance shear thinning property with borate. 
According to the previous study, 28.1 wt % of borate addition results in viscosity decrease at 
higher shear rates without a significant change of viscosity at lower shear rate. The liquid flux 
with 28.1wt percent of borate additives have a relatively high level of polymerization degree 
caused by 3 dimensional borate incorporation, as a result, it caused no significant changes in 
viscosity at lower shear rate. However, at the same time, a relatively low level of elasticity is 
induced by B-O substitution with lower bonding energy, resulting in a viscosity decrease at 
higher shear rates. Consequently, the strong shear thinning property achieved by borate is not 
caused by strong elasticity like the way silicon nitride did but by an appropriate level of 
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polymerization together with low level of elasticity. To get deeper insight into the origin of the 
strongest shear thinning behavior of mold flux with simultaneous incorporation of borate and 
silicon nitride additive, we have conducted dynamic viscosity measurement and observed that 
the crossover point is placed between glass melt without any associative additives and with 
silicon nitride additives. This could indicate that the stronger elasticity induced by silicon nitride 
and softer structure generated by borate substitution are achieved at the same time and leads to a 
perfect structure to exhibit the strongest shear thinning behavior. 

 
Conclusion and Summary  

 
Enhancing shear thinning behavior of liquid flux is desirable for continuous casting process 

of steel. The role of associative additives which modify shear thinning behavior was studied in 
this work with a dynamic viscosity measurement. From the experimental results, it can be 
concluded that   

1. Incorporation of 28.1 wt percent borate additive leads to decrease on viscosity at higher 
shear rate without significant change at lower shear rate with a flow behavior index of 
0.841. The basic sample without any associative additive has a flow behavior index of 
0.874. Dynamic viscosity measurement confirms that borate incorporation causes loosely 
linked structure by moving crossover point, G’=G”, toward left hand side. Such behavior 
implies that borate addition results in a weak liquid like structure compared to the one 
without borate additive.   

2. Incorporation of 1 wt percent of silicon nitride causes increase on viscosity at lower shear 
rate without significant change at higher shear rate with a flow behavior index of 0.812. 
Dynamic viscosity measurement indicates that silicon nitride incorporation causes more 
stiff structure by shifting crossover point, G’=G”, toward right hand side. This behavior 
means that silicon nitride addition leads to a rigid solid like structure compared to the one 
without silicon nitride additive.  

3. Simultaneous incorporation of 28.1 wt percent borate and 1 wt percent silicon nitride is the 
most effective way to generate shear thinning behavior of liquid flux because simultaneous 
incorporation increases viscosity at lower shear rate and decreases viscosity at higher shear 
rate at the same time. The flow behavior index of liquid flux with simultaneous 
incorporation is found to be 0.772 which is the strongest shear thinning behavior ever.   
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Abstract 

The viscosity and structure characteristics of FeO-SiO2-V2O3-TiO2-Cr2O3 systems as the main 
composition of V-slag were investigated with different Cr2O3 and TiO2 contents using the 
rotating cylinder method and Raman. The results showed that the viscosity was below 3.5 Pa·s at 
1540 K, and the polymerization degree of the silicate structure was lower than the main 
monomer structure (Q0) in FeO-SiO2-V2O3 system. With the induction of Cr2O3 to FeO-SiO2-
V2O3 system, the viscosity obviously increased ( 3.5 Pa·s at 1770 K), with the polymerization 
degree of molten structures enhanced drastically as formation of a chain structure (Q2 and the O-
Cr-O band) and a sheet structure (Q3). With the further induction of TiO2 to the FeO-SiO2-V2O3-
Cr2O3 system, the viscosity was 3.5 Pa·s at 1630 K, and the polymerization degree became 
weaker as the forms of discrete Si-O-Ti and Ti-O-Ti decrease to Q3 in a sheet structure. 

Introduction 

It is well known that vanadium-titanium magnetite (VTM) is a characteristic resource in China, 
and the main route for the extraction of vanadium is by oxidizing the vanadium-bearing hot 
metal in converter to form vanadium-bearing slag and semi-steel [1]. Since the blowing smelting 
time is merely 3 to 5 minutes, the thermodynamics and the dynamics conditions for oxidizing 
vanadium in hot metal are very important during the blowing smelting process [1,2]. With the 
gradual consumption of high quality VTM, the low-grade bearing chromium VTM has caused 
much attention and is beginning to be utilized in recent years. However, during the vanadium-
extraction process, the viscosity of the slag increases after the chromium in the hot metal is 
oxidized to Cr2O3 and dissolves into the slag. Thus, the dynamics condition for vanadium-
extraction becomes worse, and the yield ratio of vanadium is decreased [1,2]. Though the 
viscosity of Cr2O3-bearing slag would decease with increasing of the temperature, the oxidation 
of vanadium would be suppressed according to the selective oxidation theory, and thus the 
practical blowing smelting temperature is usually controlled below 1653K [1,2]. Therefore, the 
viscosity and structure of the vanadium slag system with different content of Cr2O3 and TiO2 

were investigated using the rotating cylinder method and Raman spectra, respectively. The 
purpose of this study is to provide the structure information of vanadium slag and its relationship 
with the viscosity of Cr2O3-bearing vanadium slag, and to provide theoretic basis for optimizing 
the vanadium-extraction process. 

Raw Materials and Procedures  

Reagent grade powders of Cr2O3 (>99.50 mass%), V2O3 (>99.50 mass%), FeC2O4 (>99.50 
mass%), TiO2 (>99.50 mass%), and high purity SiO2 (>99.99 mass%) were used as raw 
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materials. These five kind powders were dried at 473 K for 4 hours in a drying oven to remove 
moisture, and then were well mixed in ball mill in the required proportion according to the actual 
components of Cr2O3-bearing vanadium slag as shown in Table I (with external addition of TiO2 
and Cr2O3 in the samples). Then the mixed powders were pressed into tablet samples and heated 
at 1823K for 2h in a MgO-stabilized zirconia crucible (with 95 mass% ZrO2 and 5 mass% MgO 
stabilizer, 2273K operating temperature, and 99.9 mass% purity) to prepare pre-melted slag 
under CO/CO2 gas flowing atmosphere. After heating, the sample was rapidly taken out from the 
furnace and quenched by water to avoid the oxidation of elements during the cooling process. 
According to oxygen-potential diagram of the elements [3], the rank of the stability of various 
oxides in the slag was TiO2>SiO2>V2O3>Cr2O3>FeO, which indicated that FeO was the most 
unstable oxide in the FeO-SiO2-V2O3-TiO2-Cr2O3 system slag. In order to protect FeO from 
oxidation, the oxygen partial pressure was ensured 10-3 Pa by changing the composition of 
CO/CO2 according to Reaction (1) [3]. In addition, during the heat process, the sample was held 
at 873 K for 2 h to decarburize FeC2O4. 

CO(g) + 1/2O2(g) = CO2(g) 
mol/J23.852810000 TG ��	�                                     (1) 

 
Table I. Typical chemical composition of the studied slag systems for synthetic (with external 

addition of TiO2 and Cr2O3), mass% 
Sample 

No. 
FeO SiO2 V2O3 TiO2 Cr2O3 

1 52.12 28.59 19.29 0.00 0.00 

2 52.12 28.59 19.29 0.00 6.00 

3 52.12 28.59 19.29 13.00 6.00 

4 52.12 28.59 19.29 13.00 10.00 

 
After completion of the pre-melting process, 150 g of the pre-melted sample was put into a 
zirconia crucible and heated in a rotatory viscometer under the oxygen partial pressure of 10-3 Pa. 
When the temperature reached the target temperature, it was maintained for more than 30 min to 
ensure that the molten slag was homogenized. Subsequently, the molybdenum bob was 
immersed in liquid slag for 10 mm and rotated at a fixed speed of 180 r/min, and the viscosity 
was measured at different temperatures (with temperature step of 5 K) during temperature 
dropping process [4]. In order to verify the effects of Cr2O3 and TiO2 on the structure 
characteristics of the FeO-SiO2-V2O3-TiO2-Cr2O3 system slag, 8 g of the pre-melted slag was 
placed in a zirconia crucible (inner diameter 15 mm, height 30 mm) for the molten state in a 
resistance furnace at approximately 1823 K for 4 hours under the oxygen partial pressure of 10-3 

Pa. High temperature melts were also quenched in water to form the glasses. In addition, the 
phase compositions of the samples were examined by X-ray diffraction, and the structural 
properties were analyzed by Raman spectroscopy using an excitation wavelength of 633 nm with 
the laser power of 2 mw at room temperature. And the spectra of Raman were fitted by assuming 
Gaussian line shapes for the peaks of different structural units. 

Results and Discussion 

Viscosity Property of FeO-SiO2-V2O3-TiO2-Cr2O3 System Slags 
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Figure 1 shows the viscosity changes of the samples at varying temperatures with different 
contents of Cr2O3 and TiO2. It is observed that the viscosity of all the samples first decreased 
rapidly and then decreased gradually with increasing of temperature, and it finally was closed to 
a constant value. However, the constant value was different for different samples. It was about 
0.7 Pa·s for sample 1 at temperature above 1650 K, but it was about 3.0 Pa·s for sample 2 at 
temperature above 1800 K, about 1.4 Pa·s for sample 3 at temperature above 1700 K, and about 
3.4 Pa·s for sample 4 at temperature above 1810 K, respectively. The critical temperatures for 
the viscosity decreasing to 3.5 Pa·s were 1534 K, 1767 K, 1624K and 1803K for sample 1, 
sample 2, sample 3, and sample 4 respectively, which indicates that the viscosity of the samples 
increased significantly with increasing the Cr2O3 content, but decreased with introduction of 
TiO2.  
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Figure 1. The viscosity of the vanadium slag with various content of Cr2O3 and TiO2 at given 

temperatures 
 

Raman Spectroscopy and Phase compositions 
All original spectra for glassy samples with different contents of Cr2O3 and TiO2 are shown in 
Figure 2. It is observed that the dominant peaks of the Raman spectra for the FeO-SiO2-V2O3 

system slag were at about 600-1000 cm–1. With the introduction of 6 mass% Cr2O3 into this 
system, new strong Raman bands appeared at about 252, 550-800, and 1300 cm–1, while the 
bands at about 70-113, 379, and 750-1050 cm–1 of the Raman spectra became weaker, especially 
for the relative intensity of the main bands at 750-1050 cm–1 which was down to about 50%. 
With the introduction of 6 mass% Cr2O3 and 13 mass% TiO2 into the FeO-SiO2-V2O3 system, the 
relative intensity of the bands at about 180-320, 800-1050, and 1300 cm-1 of the Raman spectra 
became weaker. In addition, with further increase of Cr2O3, the Raman bands near 970 and 1300 
cm–1 became stronger. 
Figure 3 shows the XRD patterns of the quenched samples with different Cr2O3 and TiO2 

contents. For the sample without Cr2O3 and TiO2 addition, the crystalline phases was not 
detected (sample 1), which indicated that the FeO-SiO2-V2O3 system slag melted completely and 
did not form any spinel. For the sample with addition of Cr2O3, new stronger peaks of the spinel 
(FeCr2O4) appeared (sample 2), while the intensity of the peaks became weaker with the 
introduction of 13 mass% TiO2 (sample 3). Furthermore, the peak intensity of the spinel became 
stronger with further increase of the Cr2O3 addition (sample 4). 
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Figure 2. Original Raman spectra for quenched samples with different contents of Cr2O3 and 
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Figure 3. XRD pattern of the quenched sample 

 
Discussion  
According to previous research results, the different Raman bands are related to the different 
structure units. The main band at about 830-1060 cm-1 corresponds to the silicate sites for the Q0, 
Q1, Q2, and Q3 structure units (superscripts 0, 1, 2, and 3 are the numbers of bridging oxygen per 

4
4SiO  etrahedral) [5]. The bands at about 600-750 cm-1 are attributed to the structural units of 

titanium in the melts, but 830-850 cm-1 are attributed to Ti4+ which is substituted for Si4+ in 
tetrahedron to form Ti-O-Si structure units [5]. The bands at about 690-710 and 730-750 cm-1 are 
assigned to the structural units of vanadium and chromium in melts, respectively [6-10]. As the 
structural behavior of irons is different in the different slag system, the present work investigated 
the structural behavior of various ions in FeO-SiO2-V2O3-Cr2O3-TiO2 system. 
The chemical bonds between oxygen and vanadium in V2O3-bearing slag are divided into three 
types [6,7]: (1) threefold coordinated oxygen O3 belonging to the chains at about 698 cm

-1; (2) 
twofold coordinated oxygen O2 constituting bridges between two chains at about 524 cm

-1; (3) 
apex oxygen O1 belonging to the short V-O bond at about 992 cm

-1. The band at about 698 cm-1 
was assigned to the stretching of the V-O2-V bond; the second vibrational mode at 524 cm

-1 was 
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assigned to the stretching vibration of the V-O3 bond [6,7]. In addition, the third type at 992 cm-1 
was assigned to the stretching vibration mode of the short V-O1 bond [6,7]. In the present work, 
the first and second types were employed to interpret Figure 2, and it is worth to notice that the 
first type is the main existing form of V3+ in the melt. The peak located at about 698 cm-1 was 
considered to be attributed to the mode involving the bond stretching vibration localized within 
the V-O-V bridges, and forming ‘rails’ of ladders to increase the polymerization degree of the 
melt [6,7]. However, the combined capacity of Si4+ and O2- is stronger than V3+ and O2- [6,7], 
which meant a larger number of V2O3 entered the silicate network to enhance slightly the 
polymerization degree of melts.  
With the introduction of Cr2O3 into the slag, Raman spectra was changed greatly. In the first case, 
the presence of a shoulder at about 745 cm-1 was considered due to the symmetric stretching 
vibration of Cr-O-Cr [8-10]. In the lower wavenumber region, a band at about 439 cm−1 was 
observed and assigned to be the antisymmetric stretching modes of Cr-O-Cr [8-10]. The plenty of 
the Cr-O-Cr bonds were consequence of the constraints imposed by their membership of a ring 
structure, which included Cr-O-Cr, V-O-V, and Si-O-Si bonds [8-10]. Meanwhile, Dines’s 
revealed that SiO2 could stabilize the supported Cr3+ in tetrahedral coordination to enhance the 
ring structure [8-10]. The band at 258 cm−1 observed for this slag could probably be attributed to 
the bending/deformation modes of the [Cr3+O6] units in the structure. In the second series, the 
spectrum of pure FeCr2O4 shows well-defined peaks at about 1030, 737, 677, 516, 595, 495, and 
250 cm-1 [8-10], so the results are consistent with the XRD analysis. 
Three possible models for the structural role of titanium, suggested in previous reports on the 
structure of Ti-bearing glasses, were considered: (1) Ti4+ substitutes for Si4+ in tetrahedral 
coordination in the structural units in melts; (2) Ti4+ forms TiO2-like clusters with Ti4+ in 
tetrahedral coordination; (3) Ti4+ as a network modifier possibly occurs in five-fold or six-fold 
coordination [5]. As can be seen from Figure 2 (sample 3-4), the second and third models could 
be employed to interpret the results. It means that Ti4+ as a network modifier could possibly 
occur in five-fold or six-fold coordination, which would significantly decrease the 
polymerization degree of silicates. Meanwhile, a small number of Ti4+ formed TiO2-like clusters 
with Ti4+ in tetrahedral coordination. As the first model stated, Ti4+ is substituted for Si4+ in 
tetrahedral coordination in structural units of the glassy slag, so the polymerization degree of the 
silicates should be significantly enhanced according to Li’s study [5]. Accordingly, the first model 
could not consistently predict the present results, as listed in Table III. The second and the third 
models are most appropriate to describe the role of titanium in structure. The relative intensity of 
the Raman bands of spinel (FeCr2O4) became weaker, while the band at about 670 cm-1 of the 
Raman spectra for Cr-O-Cr, Si-O-Si, and Ti-O-Ti became stronger with the introduction of TiO2 
in the slag. According to Dines’s study, the crystallization ability of the SiO2-TiO2 system 
decreases with an increase of TiO2 [8]. Another reason for this could be increased numbers of 
discrete Si-O-Ti and Ti-O-Ti structural units, which would hamper the crystallization of FeCr2O4 
as main crystallization product of slag [9]. 
The bands at 830-1000 cm-1 could correspond to the silicate sites for the Q0, Q1, Q2, and Q3

 

structure units [5]. Considering that the molar fractions of different structure units are related to 
the band areas, all samples were deconvolved using the Gauss-Deconvolution method by 
assuming contribution from the structural units of Qn with the minimum correlation coefficient 
r2≥ 0.99 to study the effect of different components. As the scattering coefficient of Qn is 
different in the Raman spectra, the mole fraction of the silicate structure units can be calculated 
according to the following equation: 
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nn Ax n �	�                                                        (2) 
where xn is the mole fraction of the silicate structure units, An is the area fraction of each 
structural unit. θn listed in the Table II is the scattering coefficient of Qn [5]. The number of non-
bridging oxygen ( )TNOB(n ) in the silicate slag could be calculated by the following equation: 

n

NOB
( ) (4 )

T
n x n	 � ��                                                    (3) 

The best-fit simulations are shown in Figure 4 (a)-(d) by the Gauss-Deconvolution method. The 
summary of the deconvolution and calculation results is listed in Table III.  
 

Table II. Coefficient of scattering of Qn 

Qn Q0 Q1 Q2 Q3 

n�  1 0.514 0.242 0.09 

 

600 700 800 900 1000

Q2
(970/cm-1

)

Q0
(884/cm-1

)

In
te

ns
it

y 
/ a

.u
.

Raman shitf  / cm-1

 Orignal peak
 Fitting peak

V-O-V (744/cm-1
)

Cr2O3- 0%

TiO2- 0%

(a)

 
500 600 700 800 900 1000 1100

584/cm-1

656/cm-1

740/cm-1

Q
0 (8

46
/c

m
-1

)

Q
3 (1

05
6/

cm
-1

)

Q2
(974/cm-1

)

808/cm-1

Q1
(903/cm-1

)

 

Raman shitf / cm-1

In
te

ns
it

y 
/ 

a.
u.

 Orignal peak
 Fitting peakCr2O3- 6%

TiO2- 0%

(b)

 

600 700 800 900 1000

656cm-1

Q1
(909cm-1

)744cm-1

Q2
(1000cm-1

)805cm-1

 

Raman shitf / cm-1

In
te

ns
it

y 
/ 

a.
u.

 Orignal peak
 Fitting peak

Cr2O3- 6%

TiO2-13%

(c)

500 600 700 800 900 1000 1100

820/cm-1

590/cm-1

Q3
(1088/cm-1

)

Q2
(944/cm-1

)
709/cm-1

651/cm-1

 

Raman shitf / cm-1

In
te

ns
it

y 
/ 

a.
u.

 Orignal peak
 Fitting peak

Cr2O3-10%

TiO2-13%

(d)

 
Figure 4. Deconvolved results of Raman spectra for samples with different Cr2O3 and TiO2 

contents 
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Table III. Deconvolved results of Raman spectra for FeO-SiO2-V2O3-TiO2-Cr2O3 slag 

Sample number Q0 / % Q1 / % Q2 / % Q3 / % )TNOB(n  

1 96.21 0.00 3.79 0.00 3.87 

2 7.99 52.72 38.34 0.95 2.70 

3 0.00 84.00 16.00 0.00 2.84 

4 0.00 0.00 88.43 11.57 1.88 

 
Table III shows that the number of non-bridging oxygen rapidly decreased while the content of 
Cr2O3 increased from 0 to 10% in the slags, which could be explained by the Cr2O3 playing the 
role of network formation to increase the polymerization degree of the silicate slag. This result 
meant that the majority of Cr3+ formed the bands of Cr-O-Cr with Cr3+ in tetrahedral 
coordination and changed the polymerization degree of the silicates. In addition, Table 3 also 
shows that the number of non-bridging oxygen slightly increased as the content of TiO2 
increased from 0 to 13% in mass, indicating that the polymerization degree of silicates became 
weaker due to the decrease of Q3 in the sheet structure unit and Q2 in the chain structure as well 
as the increase of Q1, O-Ti-O, and Si-O-Si in the monomer structure. Thus, it could be conclude 
that the addition of TiO2 broke up the 3-dimensional networks formed by Si and O, which was 
consistent with the conclusion proposed by Park’s work [5]. 
Correlation between the structural information and physiochemical properties of vanadium slag 
could naturally be expected. Many researchers have reported that the viscosity and melting 
temperature of vanadium slag increased with an increase of w(Cr2O3) and decreased with an 
increase of w(TiO2) [8-10]. According to the present structural study, the polymerization degree 
increased drastically with Cr2O3 introduction because of the formation of Cr-O-Cr in chain 
structures. The plenty of high melting point of solid spinel (FeCr2O4, with melting temperature 
about 2273 K) formed in molten slag would increase the viscosity and melting temperature of 
vanadium slag. On the contrary, the polymerization degree became weaker with an increase of 
TiO2 due to a decrease of 2

2 5Si O �  as a sheet structure and an increased number of discrete Si-O-

Ti as well as Ti-O-Ti structural units, which would hamper the crystallization of FeCr2O4 as the 
main crystallization product of the melts, and thus the melting temperature and viscosity of the 
vanadium slag could be decreased. 

Conclusions 

The viscosity and the structure of FeO-SiO2-V2O3-TiO2-Cr2O3 system slag with varied Cr2O3 and 
TiO2 contents were investigated by the rotating cylinder method and Raman spectroscopy, 
respectively. Based on the above results, the following conclusions have been drawn:  
(1) The viscosity of the FeO-SiO2-V2O3 system slag was decreased to 3.5 Pa·s at temperatures 
above 1450 K. With the introduction of 6 mass% Cr2O3 into the FeO-SiO2-V2O3 system, the 
viscosity increased rapidly and was decreased to 3.5 Pa·s until temperature higher than 1770 K. 
With the introduction of 13 mass% TiO2 into the FeO-SiO2-V2O3-Cr2O3 system, the viscosity 
decreased and reached to 3.5 Pa·s at a low temperatures of 1630 K. But the viscosity increases 
again after increase of the Cr2O3 to 10 mass% in the FeO-SiO2-V2O3-Cr2O3-TiO2, and the 
viscosity was decreased to 3.5 Pa·s until temperature higher than 1803 K. 
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(2) V3+ mainly existed in the form of V-O-V as a chain structure in the FeO-SiO2-V2O3 system, 
which slightly enhanced the polymerization degree of molten slag. Part of the chromium existed 
in the form of solid spinel (FeCr2O4), and most of the others existed in the bond of Cr-O-Cr to 
form network structures, which enhanced the polymerization degree of molten slag. Ti4+ mainly 
existed in the form of discrete Si-O-Ti and Ti-O-Ti and it decreased Q3 in sheet structures which 
hampered the crystallization of FeCr2O4 in molten slag and decreased the polymerization degree 
of the FeO-SiO2-V2O3-Cr2O3-TiO2 system.  
(3) The polymerization degree of silicate structures was lower in the FeO-SiO2-V2O3 system, 
which existed mainly as a monomer structure (Q0). With the introduction of 6 mass% Cr2O3 into 
the FeO-SiO2-V2O3 system, the polymerization degree of the silicate structure was enhanced 
significantly due to the formation of Q2 in a chain structure and Q3 in a sheet structure. With the 
introduction of 13 mass% TiO2 into the FeO-SiO2-V2O3-Cr2O3 system, Q

2 and Q3 decreased in 
the silicate structure, and the polymerization degree of the silicate structure became weaker, 
which could decrease viscosity of the FeO-SiO2-V2O3-Cr2O3-TiO2 system slag. 
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Abstract 
 
Eutectic MgF2-CaF2 based salt containing YF3, CaO and Al2O3 additions were used in this study. 
The electrical conductivity was measured as a function of temperature by a calibration-free co-
axial electrode setup. The materials selection and setup design were optimized to accurately 
measure the electrical conductivity of the highly conductive molten salts (>1 S/cm). The solubility 
and diffusion behavior of alumina and zirconia in the molten salts were investigated by drawing 
and holding the molten salt for different lengths of time within capillary tubes made of alumina 
and zirconia, respectively. After the time-dependent high temperature holds, the samples were 
cooled and the solubility of the solute within the molten salt was determined using scanning 
electron microscopy, energy-dispersive X-ray spectroscopy analysis and wavelength-dispersive 
X-ray spectroscopy analysis.  
 

Introduction 
 
Molten fluoride salt has been widely used as coolant and fuel in the molten salt nuclear reactors[1] 
and used as molten flux for electrolytic metals production[2]–[4]. Particularly, molten fluoride salt 
has been used to produce several energy-intensive metals, such as Mg, Ti, Ta, Yb and Si, directly 
from their oxides using solid oxide membrane (SOM) based electrolysis[5]–[13]. The SOM 
electrolysis process features the utilization of an oxygen-ion-conducting membrane, typically 
made of yttria-stablized zirconia (YSZ), for directly electrolyzing desired metal oxides dissolved 
in the pre-selected molten fluoride flux, producing pure metal at the cathode and oxygen as a 
byproduct at an inert anode[7]. The SOM process is a low-cost, energy-efficient and low emission 
process compared to other metal extraction technologies[14]. It is crucial to engineer the molten 
oxy-fluoride flux composition based on its physio-chemical properties for successful operation of 
the SOM electrolysis process. Due to the high melting point and the complicated nature of the 
molten oxy-fluoride flux systems, the available information on physio-chemical properties of such 
molten salts are very limited. In this paper, the quaternary molten oxy-fluoride salt MgF2-CaF2-
CaO-YF3 was studied. The aluminum oxide solubility of the molten salt was measured. The 
zirconia solubility and the electrical conductivity of the molten salt with desired amount of 
aluminum oxide addition were measured. The temperature dependence of the molten salt electrical 
conductivity was also investigated. These physio-chemical property measurements will be helpful 
for modeling and designing of electrolytic metal extraction processes such as the SOM process. 
 

465

Advances in Molten Slags, Fluxes, and Salts: Proceedings of The 10th International 
Conference on Molten Slags, Fluxes and Salts (MOLTEN16)

Edited by: Ramana G. Reddy, Pinakin Chaubal, P. Chris Pistorius, and Uday Pal
TMS (The Minerals, Metals & Materials Society), 2016



Experimental 

A. Alumina Capillary Tube Sampling Setup 

Figure 1 shows the schematic of the alumina capillary tube sampling setup. The setup consists of 
a graphite crucible that was heated to 1200˚C in forming gas (95% Argon-5%H2) to ensure an inert 
atmosphere. 300g of powdered flux (45wt% MgF2 –55 wt% CaF2 containing 6wt% CaO and 4wt% 
YF3) was placed inside the crucible and heated to the desired temperature. Three alumina tubes 
(0.318cm i.d., 0.635cm o.d., 91.44cm length) were inserted into the molten flux. Each alumina 
tube was connected with a 3-way pipette bulb at the top of the tube. The pipette bulb was gently 
squeezed to create a negative pressure compared with the atmosphere. When releasing the pipette 
bulb, molten flux was drawn into the alumina tube. The alumina tube was subsequently lifted out 
of the furnace and quenched to room temperature. The alumina tubes were then sectioned into 2 
inches pieces with quenched flux inside.  

Figure 1: Experiment setup of capillary tube sampling 

B. Alumina Solubility Measurement Setup 

The alumina solubility of the molten flux was measured by holding the alumina capillary tube at 
1200˚C with flux inside for sufficient time so that the flux was saturated with alumina; alumina 
diffuses from the alumina tube. Figure 2 shows the schematic of the two-end-cap setup for sealing 
the alumina capillary tube. Two stainless steel (SS-304) end caps were placed on both ends of the 
alumina capillary tube. A shallow divot was drilled on each end cap to accommodate the alumina 
capillary tube. Once the end caps were placed on the alumina tube, two stainless steel support rods 
were welded between the top and bottom end caps to ensure both caps stay in place during the 
experiment. The assembly was then placed in a tube furnace and heated to 1200˚C in a forming 
gas atmosphere and held for 24 hours. The assembly was then quickly removed from the furnace 
and quenched to room temperature. After disassembling the setup, the capillary tube was sectioned 
by a precision diamond saw. The capillary tube sample was mounted in epoxy and polished. The 
cross-section of the capillary tube with flux inside was then characterized by scanning electron 
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microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and wavelength-dispersive X-
ray spectroscopy (WDS). 

Figure 2: Two end caps design for alumina solubility measurement 

C. Zirconia Solubility Measurement Setup 

The zirconia tube was more sensitive to thermal shock compared with the alumina tube. When 
drawing capillary tube sample using the method illustrated earlier in part A, the zirconia tube often 
failed under thermal shock and broke. Thus an alternative approach shown in Figure 3 was used 
as the setup for the zirconia solubility measurement. A graphite crucible was made such that the 
capillary tube could be inserted in the crucible and fit tightly. 5g of flux powder (45 wt% MgF2 –
55 wt% CaF2 containing 6wt% CaO, 3wt% of Al2O3 and 4wt% YF3) was solvent mixed and 
subsequently dried. Then the flux was pre-melted and crushed several times to ensure 
homogeneity. After the capillary tube was inserted in the graphite crucible, flux powder was filled 
in the capillary tube. The crucible was then sealed on top with a graphite cap and graphite paste. 
The assembly was then placed in a tube furnace and heated to 1200˚C in a forming gas atmosphere 
and held for 24 hour before quenching it to room temperature. The capillary tube was easily 
removed after cooling since both zirconia and the flux did not wet graphite. The zirconia capillary 
tube was sectioned by a precision diamond saw, mounted in epoxy and polished. The cross-section 
of the capillary tube with flux inside was then characterized by SEM and EDS. 

Figure 3: Graphite crucible setup for zirconia solubility measurement 

D. Molten Salt Conductivity Experiment Setup 

The electrical conductivity of the molten salt was determined by a high-accuracy-height-
differential measurement technique using a concentric coaxial two electrodes cell and measuring 
the impedance spectra of the molten salt as a function of immersion depth[15]–[18]. Figure 4
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shows the schematic of the electrical conductivity measurement setup. The setup consists of a 
graphite crucible that was heated to the operating temperature between 1060oC and 1250oC. 
Forming gas (95% Argon - 5% H2) was purged in the reaction chamber at a rate of 1000cm3/min 
during the experiment to ensure an inert atmosphere. 500g of pre-mixed powdered flux (45wt% 
MgF2 – 55wt% CaF2 containing 6wt% CaO, 3wt% Al2O3 and 4wt% YF3) was used as the source 
to create the molten salt inside the crucible. Three threaded molybdenum rods with 0.318cm 
diameter served as the electrode current collectors. The concentric electrodes were made of low 
carbon steel (C1018). The inner electrode had a diameter of 0.635cm. The outer electrode had an 
inner diameter of 3.175cm and an outer diameter of 5.715cm. The two tapped holes on the outer 
electrodes were 5.080cm apart. The molybdenum rods were threaded into the concentric steel 
electrodes to maintain good uniform contact during the measurement. An alumina spacer with a 
0.635cm thickness and three 0.318cm openings were placed on top of the steel electrodes to level 
the electrodes and ensure concentricity of the electrodes. 

 
Figure 4: Experiment setup of the electrical conductivity measurement 

 
E. Electrochemical Measurements 

 
Electrochemical impedance spectroscopy (EIS) scans were performed between the molybdenum 
rod connected with the outer electrode and the molybdenum rod connected with the inner electrode 
using a Princeton Applied research 263A potentiostat and a Solartron 1250 frequency response 
analyzer. The EIS scans were from 20000 to 1 Hz with 20mV amplitude. The total ohmic resistance 
of the cell (Rcell) was obtained from the value of the high-frequency intercept on the real axis of 
the Nyquist plot [19], [20]. The total resistance consists of the lead wire resistance (Rleads), the 
electrodes resistance (Relectrodes) and the liquid flux resistance (Rliq) 
 

  (1) 
 
The lead wire resistance (Rleads) and the electrodes resistance (Relectrodes) were measured prior to 
the conductivity measurement. The concentric electrodes were inserted in a steel stand and 

468



electrically shorted. The setup was then heated to the desired temperature and the resistance of the 
electrodes was measured by performing an EIS scan between the two molybdenum rods. 
The liquid flux resistance (Rliq) contains radial and fringe parts. The fringe component of the 
resistance does not change with respect to the immersion length and can be cancelled out by taking 
multiple measurements with different immersion depths.

(2)

Differentiate equation (2),

(3)

For the coaxial electrodes geometry, the conductivity is related to the radial component of the 
resistance as follows, 

(4)

Where b is the inner radius of the outer electrode, a is the outer radius of the inner electrode, z is 
the relative immersion depth. Combining equation (3) and equation (4) gives the relation between 
the electrical conductivity as a function of liquid flux resistance and the immersion depth 

(5)

The Rliq was calculated by subtracting the lead-wire resistance (Rleads) and the electrodes resistance 
(Relectrodes) from the cell resistance (Rcell). The linear regression of the inverse of the liquid flux 
resistance and the immersion depth was used to calculate the electrical conductivity of the flux 
based on equation (5). The accuracy of this measurement technique was benchmarked by 
measuring the conductivity of cryolite (Na3AlF6) at 1000°C and comparing it with the literature 
value. 

F. Chemicals and Materials 

Magnesium fluoride hydrate (MgF2·xH2O, min. 87% MgF2), calcium fluoride (99.5%), calcium 
oxide (reagent grade), aluminum oxide (99%), yttrium (III) fluoride (99.9%) were supplied by Alfa 
Aesar (Ward Hill, MA). Cryolite was supplied by Pyro Chem Source (Hayward, MN). The 
powders were dried for 4 hours at 400  to remove moisture and crystallized water. Then the 
powders were dry mixed in a ball mill overnight according to the flux stoichiometry. The 
molybdenum rods were supplied by Eagle Alloys Corporation (Talbott, TN). The C1018 steel and 
stainless steel were supplied by McMaster-Carr (Princeton, NJ). The alumina tubes were supplied 
by CoorsTek (Golden, CO). The zirconia tube (6 mol% Y2O3) was supplied by McDanel (Beaver 
Falls, PA). 
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Results 
A. Alumina Solubility Measurement 

The composition of the flux before high temperature hold was determined by EDS quantitative 
spot analysis with a Zeiss Supra 55VP Field Emission SEM. The EDS analysis uses internal 
standards for quantitative analysis. The internal standards are installed through the EDAX genesis 
software supplied by the manufacturer.  The results are shown in Table I. It is confirmed that before 
the high temperature hold, there is no alumina in the flux.  

Table I: Initial elemental composition of the flux  
Elements O F Mg Al Y Ca
Atomic % 1.70 59.89 17.83 0.00 1.15 19.43

Figure 5 shows the SEM image of the cross-section of the flux in the alumina capillary tube. Three 
phases were identified from the high magnification images. The composition of each phase was 
measured by taking a WDS spot analysis with a JEOL-JXA-8200 Superprobe. The results are 
shown in Table II. Phase 1 (bright) is calcium rich, phase 2 (dark) is magnesium rich, and phase 3 
(gray) is a eutectic Mg-Ca-F phase with aluminum in it.  

Figure 5: SEM image of the flux cross-section of the alumina solubility sample 

Table II: Elemental analysis of difference phases in the alumina capillary tube sample 
Elements O F Mg Al Y Ca

Phase 1 (Bright) Atomic % 0.23 67.69 1.4 0.01 1.01 29.37
Phase 2 (Dark) Atomic % 5.97 62.89 27.74 1 0.11 2.29
Phase 3 (Gray) Atomic % 9.67 59.08 14.84 1.97 0.58 13.86

The alumina solubility of the flux was measured by taking 5 WDS radial line scans starting from 
the center of the flux to the interface between the flux and the alumina tube, each containing ten 
30μm x 30μm spots. The average elemental composition of the flux is shown in Table III.
Attributing all the aluminum to Al2O3, the Al2O3 solubility is calculated to be 3.16wt%. 
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Table III: Average elemental composition of the flux sample saturated with alumina 
Elements O F Mg Al Y Ca
Atomic % 14.50 57.21 10.35 1.43 0.64 15.87

Similar experiments performed with 40 hours hold showed similar alumina solubility (3.52wt%), 
indicating that the flux is saturated with alumina within 24 hours.  

B. Zirconia Solubility Measurement 

Figure 6 shows the SEM image of the cross-section of the flux inside the zirconia capillary tube. 
Three phases were identified from the SEM image, and the composition of the phases were 
measured by EDS quantitative spot analysis The results are shown in Table IV. Phase 1 (bright) is 
calcium rich; phase 2 (gray) is eutectic Mg-Ca-F; phase 3 (dark) is mainly MgAlO2.

Figure 6: SEM image of the flux cross-section of the zirconia solubility sample 

Table IV: Elemental analysis of difference phases in the zirconia capillary tube sample 
Elements O F Mg Al Y Ca Zr

Phase 1 (Bright) Atomic % 2.40 59.45 3.50 0.38 1.05 33.12 0.37
Phase 2 (Dark) Atomic % 3.47 57.81 20.50 0.22 0.53 17.42 0.06
Phase 3 (Gray) Atomic % 46.95 0.25 17.78 34.36 0.13 0.46 0.08

The zirconia solubility of the flux was measured by taking a quantitative EDS analysis on a large 
area of flux cross-section (2.25mm x 3.01mm). The average elemental composition of the flux is 
shown in Table V. The zirconium content is below the detection limit of the EDS and it was 
confirmed that the zirconia solubility of the flux is less than 0.4wt%. There is negligible zirconia 
dissolved in the molten flux. 
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Table V: Average elemental composition of the flux sample saturated with zirconia 
Elements O F Mg Al Y Ca Zr

Phase 1 (Bright) Atomic % 9.21 55.34 15.40 2.70 0.55 16.72 0.08

The zirconia tube was also analyzed after the solubility experiment with EDS line scan as shown 
in Figure 7. Each line represents the normalized concentration of its corresponding element. It is 
shown that there is no zirconium or yttrium depletion from the yttria-stabilized zirconia into the 
flux. The flux also did not attack the zirconia. It is confirmed that the zirconia is chemically 
compatible with this particular molten flux composition. Previous research has shown that the 
zirconia membrane degradation is the limiting factor for SOM cell lifetime[21], [22]. The fact that 
the zirconia membrane is compatible with this molten flux composition suggested that it is 
potentially suitable for the SOM electrolysis process. 

Figure 7: EDS line scan of the zirconia tube after the molten salt solubility experiment 

C. Molten Flux Conductivity Measurements 

The lead wire resistance plus the electrodes resistance of the coaxial concentric cell was measured 
from 1000oC to 1250oC. The resistances have a linear relationship with temperature: 

(6)

The conductivity benchmark experiment was performed with cryolite at (Na3AlF6) at 1000 . The 
immersion depth of the electrodes were from 0.635cm ~ 3.810cm with a 0.317cm interval in order 
to get rid of surface and bottom fringe effects. The inverse of the impedance was plotted as a 
function of immersion depth as shown in Figure 8. The electrical conductivity of the cryolite was 
calculated to be 2.59 ± 0.19 (S/cm) from equation (5) using the slope from the linear fit in Figure 
8. Taking into account the inaccuracy of the electrode resistance measurement (±2mΩ), the 
conductivity value is within the error limit of the literature value (2.80S/cm) [23].
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Figure 8: Linear fit of the inverse of impedance vs. immersion depth for cryolite 

The electrical conductivity of 45wt% MgF2 – 55wt% CaF2 containing 6wt% CaO, 3wt% Al2O3

and 4wt% YF3 was measured from 1060  to 1250 . It is widely accepted that the temperature 
dependence of the electrical conductivity of molten salt can be expressed by the Arrehenius 
equation as  

(7)
Or

(8)

Where κ is the electrical conductivity, A is the pre-exponent factor, Ea is the activation energy, R 
is the gas constant (8.314J/(mol·K)), and T is the absolute temperature. Figure 9 shows the change 
of electrical conductivity as a function of temperature. It can be seen that the electrical conductivity 
increased from 2.01S/cm at 1060  to 7.16S/cm at 1200 . As the temperature increases, ion 
mobility is higher, which results in the increase of the electrical conductivity. Moreover, the 
temperature dependence of electrical conductivity obeys the Arrhenius law very well (activation 
energy Ea is 48.92kJ/mol) indicating that the conduction mechanism remains the same within the 
investigated temperature interval. The high conductivity of this molten salt also suggests that the 
flux will not contribute significantly to the ohmic polarization of the electrolytic cell. Thus it is an 
ideal flux candidate for the electrolytic metal extraction processes. 

Figure 9: Arrhenius fitting of molten salt conductivity as a function of temperature 
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Conclusions 
 
The alumina solubility of quaternary molten oxy-fluoride salt MgF2-CaF2-CaO-YF3 was measured 
using capillary tube method. The alumina solubility was measured to be 3.17wt% at 1200

Acknowledgements 
 
This project was financially supported by the Department of Energy (DOE) through arpa-e 
REMOTE program. The authors would like to thank Matthew Mirek for assisting with performing 
some of the experiments.  
 

References 
 

[1] G. Locatelli, M. Mancini, and N. Todeschini, “Generation IV nuclear reactors: Current 
status and future prospects,” Energy Policy, vol. 61, pp. 1503–1520, 2013. 

[2] H. Zhu, “Rare Earth Metal Production by Molten Salt Electrolysis,” in Encyclopedia of 
Applied Electrochemistry, G. Kreysa, K. Ota, and R. F. Savinell, Eds. New York, NY: 
Springer New York, 2014, pp. 1765–1772. 

[3] K. Maeda, K. Yasuda, T. Nohira, R. Hagiwara, and T. Homma, “Silicon Electrodeposition 
in Water-Soluble KF-KCl Molten Salt: Investigations on the Reduction of Si(IV) Ions,” J. 
Electrochem. Soc., vol. 162, no. 9, pp. D444–D448, Jun. 2015. 

[4] R. Lumley, Ed., Fundamentals of Aluminium Metallurgy. Woodhead Publishing Limited, 
2011. 

[5] U. B. Pal, D. E. Woolley, and G. B. Kenney, “Emerging SOM technology for the green 
synthesis of metals from oxides,” JOM, vol. 53, no. 10, pp. 32–35, Oct. 2001. 

[6] A. Krishnan, U. B. Pal, and X. G. Lu, “Solid oxide membrane process for magnesium 
production directly from magnesium oxide,” Metall. Mater. Trans. B, vol. 36, no. 4, pp. 
463–473, Aug. 2005. 

[7] X. Guan, U. B. Pal, S. Gopalan, and  a. C. Powell, “LSM (La0.8Sr0.2MnO3- )-Inconel 
Inert Anode Current Collector for Solid Oxide Membrane (SOM) Electrolysis,” J. 
Electrochem. Soc., vol. 160, no. 11, pp. F1179–F1186, Sep. 2013. 

[8] E. S. Gratz, X. Guan, J. D. Milshtein, U. B. Pal, and A. C. Powell, “Mitigating Electronic 
Current in Molten Flux for the Magnesium SOM Process,” Metall. Mater. Trans. B, vol. 
45, no. 4, pp. 1325–1336, Aug. 2014. 

[9] X. Guan, U. B. Pal, and A. C. Powell, “Energy-Efficient and Environmentally Friendly 

474



Solid Oxide Membrane Electrolysis Process for Magnesium Oxide Reduction: Experiment 
and Modeling,” Metall. Mater. Trans. E, vol. 1, no. 2, pp. 132–144, Jun. 2014. 

[10] M. Suput, R. Delucas, S. Pati, G. Ye, U. Pal, and A. C. Powell IV, “Solid oxide membrane 
technology for environmentally sound production of titanium,” Miner. Process. Extr. 
Metall., vol. 117, no. 2, pp. 118–122, Jun. 2008. 

[11] A. Krishnan, X. G. Lu, and U. B. Pal, “Solid Oxide Membrane (SOM) technology for 
environmentally sound production of tantalum metal and alloys from their oxide sources,” 
Scand. J. Metall., vol. 34, no. 5, pp. 293–301, 2005. 

[12] Y. Jiang, J. Xu, X. Guan, U. B. Pal, and S. N. Basu, “Production of Silicon by Solid Oxide 
Membrane-Based Electrolysis Process,” MRS Proc., vol. 1493, pp. MRSF12–1493–E19–
89, Jan. 2013. 

[13] X. Guan, S. Su, U. B. Pal, and A. C. Powell, “Periodic Shorting of SOM Cell to Remove 
Soluble Magnesium in Molten Flux and Improve Faradaic Efficiency,” Metall. Mater. 
Trans. B, vol. 45, no. 6, pp. 2138–2144, Dec. 2014. 

[14] U. B. Pal and A. C. Powell, “The use of solid-oxide-membrane technology for 
electrometallurgy,” JOM, vol. 59, no. 5, pp. 44–49, May 2007. 

[15] C. J. Macdonald, “Calibration-Free Electrical Conductivity Measurements For Highly 
Conductive Slags,” Boston University, 2000. 

[16] S. L. Schiefelbein, N. a. Fried, K. G. Rhoads, and D. R. Sadoway, “A high-accuracy, 
calibration-free technique for measuring the electrical conductivity of liquids,” Rev. Sci. 
Instrum., vol. 69, no. 9, p. 3308, 1998. 

[17] S. L. Schiefelbein and D. R. Sadoway, “A high-accuracy, calibration-free technique for 
measuring the electrical conductivity of molten oxides,” Metall. Mater. Trans. B, vol. 28, 
no. 6, pp. 1141–1149, Dec. 1997. 

[18] U. B. Pal, “Determining physio-chemical properties of slags by electrical measurements,” 
JOM, vol. 54, no. 11, pp. 57–61, Nov. 2002. 

[19] K. R. Cooper and M. Smith, “Electrical test methods for on-line fuel cell ohmic resistance 
measurement,” J. Power Sources, vol. 160, no. 2, pp. 1088–1095, 2006. 

[20] S. C. Britten and U. B. Pal, “Solid-state amperometric sensor for the In-situ monitoring of 
slag composition and transport properties,” Metall. Mater. Trans. B, vol. 31, no. 4, pp. 
733–753, 2000. 

[21] E. S. Gratz, J. D. Milshtein, and U. B. Pal, “Determining Yttria-Stabilized Zirconia (YSZ) 
Stability in Molten Oxy-Fluoride Flux for the Production of Magnesium with the SOM 
Process,” J. Am. Ceram. Soc., vol. 96, no. 32300, pp. 3279–3285, Jun. 2013. 

[22] J. Xu, B. Lo, Y. Jiang, U. Pal, and S. Basu, “Stability of yttria stabilized zirconia in 
molten oxy-fluorite flux for the production of silicon with the solid oxide membrane 
process,” J. Eur. Ceram. Soc., vol. 34, no. 15, pp. 3887–3896, Dec. 2014. 

[23] J. D. Edwards, C. S. Taylor, L. A. Cosgrove, and A. S. Russell, “Electrical Conductivity 
and Density of Molten Cryolite with Additives,” J. Electrochem. Soc., vol. 100, no. 11, p. 
508, 1953. 

475



 

A NEW METHOD FOR APPARENT THERMAL CONDUCTIVITY 
MEASUREMENT OF MOULD FLUX 

 
Mu Li1, Rie Endo1, Li Ju Wang2 and Masahiro Susa1 

 
1Department of Metallurgy and Ceramics Science, Tokyo Institute of Technology, Ookayama, 

Meguro-ku, Tokyo, 152-8552 Japan 
2School of Mechanical and Materials Engineering, Washington State University, Pullman, WA, 

99164, USA  

 

Keywords: quasi-steady state hot plate method, mould flux, thermal conductivity, silica glass.  
 

Abstract 
 
A new quasi-steady state hot plate method has been proposed to measure heat flux across a sheet 

sample such as mould flux film, finally to determine its apparent thermal conductivity via Fourier’s 
equation. The heat flux across the sheet sample is derived from the volume change caused by 

melting of ice utilizing a modified Bunsen Ice Calorimeter. This measurement method was applied 

to Ni-base super alloy (Inconel 600), alumina and PTFE (Teflon) with known thermal conductivity 

values to confirm the reliability of this new method. The experimental thermal conductivity values 

obtained were in good agreement with the respective reported values. Measurements were also 

conducted on sheet silica glasses which sized 20 20 0.5 mm3 and 20 20 1.0 mm3, and 

produced a value of 1.34 ± 0.03 Wm-1K-1 at 293 K – 303 K under a temperature gradient of 20 

Kmm-1, which value is reasonable compared with the reported one. In addition, a process 

simulation has been applied to confirm the applicability of the present method to mould flux used 

in continuous casting under a steep temperature gradient at high temperature.  

 

Introduction 
 
In the continuous casting, various factors affect the surface quality of slab, including cooling 

conditions [1] and physical properties [2] of mould powders that are placed on the surface of 

molten steel in the mould. The heat transfer mechanism from the shell to the mould is very 

complicated [3] but the heat flux is dominated by the properties of solid mould flux film. Thus, in 

order to obtain qualified steel, it is necessary to evaluate the conductive heat transmission between 

the steel and the mould.  
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There are some researches focusing on the thermal conductivity of mould fluxes [4, 5], Yamauchi 

et al. [4] reported the values at temperature range between 573 K – 1073 K, Ozawa et al. [5] 

measured the thermal conductivity from 773 K to 1053 K. Both the data are almost at the same 

order of magnitude, however, the thermal conductivity has not been yet evaluated under steep 

temperature gradients close to the actual operation.  

Bunsen [6] has reported an ice-calorimeter that can determine a quantity of heat transferred to an 

ice/water mixture by measuring the volume change of the mixture due to melting of ice. Jessup [7] 

has applied this technique to obtain a heat quantity of the magnitude of 160 J with a precision of 

about 0.05%, and also succeeded in measuring the heat quantity change associated with chemical 

reaction using a Bunsen Ice Calorimeter. More recently a quasi-steady state hot plate method has 

been established utilizing the principle of Bunsen Ice Calorimeter to measure the apparent thermal 

conductivity of oxide scale on steel under steep temperature gradients. [8] Thus, it is possible to 

apply this method to a mould flux film to determine its apparent thermal conductivity using the 

temperature gradient in the mould flux on the basis of Fourier’s law. 

Consequently, the present work aims to determine the apparent thermal conductivity of a 

silica plate as a model of mould flux film using the quasi-steady state hot plate method.  

 

Experimental 
 

Principle of Quasi-steady State Hot Plate Method 
 

Figure 1 shows a schematic diagram of the heat flux measurement apparatus developed for the 

quasi-steady state hot plate method utilizing the principle of a Bunsen Ice Calorimeter. A vertical 

barrel container (calorimeter) that was filled with an ice/water mixture inside was placed in an ice 

box to reduce the effect of surrounding conditions. Ice was made by an ice-making machine from 

distilled water, and crushed into small pieces sized around 10 10 10 mm3. The container was 

hermetically sealed with a copper lid, which had 77 fins 50 mm long at the downside to promote 

the heat transmission from the sample to the ice/water mixture. In addition, there was a stirrer 

placed at the bottom of the container to keep the temperature more uniform. The sheet sample was 

placed upon the copper lid. Two aluminum metal blocks sized 20 20 10 mm3 weighing ca. 11 

g were positioned on the sample: the lower was used to accommodate a thermocouple and the 

upper was used as a heat source. In principle, heat transmits from the heat source to the ice/water 

mixture across the sample and melts parts of ice; thereby the volume of the mixture changes. The 

volume change was detected by a laser displacement meter as the liquid height decrease in the pipe 

that was connected to the container.  

The liquid height change provides the number of moles of melted ice, , as follows: 
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where r is the radius of the pipe, ρ is the density of each substance, h is the liquid height and  

is the molar mass of water. The number of moles of melted ice, in turn, provides the heat deposited 

to the ice/water mixture. Thus, the heat flux (qice) across the sample is derived from the derivative 

of the liquid height with respect to time as follows: 

where A is the surface area of the sample across which area heat transmits and  is the 

enthalpy for fusion of ice at 273.15 K.  

As shown in Figure 1, a sheathed K-type thermocouple was positioned inside the aluminium block 

1.3 mm away from its bottom surface and a platinum thermometry resistance element was placed 

at the lower surface of the copper lid to monitor temperatures  and , respectively. Using 

Fourier’s law, the relationship between the temperature difference and the heat flux ( ) can be 

given as follows: 

where x is the thickness and k is the thermal conductivity of a sample and the term R is the heat 

resistance factor that contributes from parts other than the sample. 

It has been confirmed that this heat-transfer system reaches a quasi-steady state in a time as short 

as 20 s. As a consequence, the term  can be replaced by . Now consider measurements 

of heat fluxes for two same samples with different thicknesses. The heat resistance factor is 

originated from the aluminum block, the two interfaces and the copper plate, and thus values of R 

should be the same with each other as long as the samples have the same surface roughness. Finally 

the thermal conductivity of the sample can be derived by the following equation:  

Samples and Measurements 
 

To confirm the reliability of this new quasi-state hot plate method and to validate the applicability 

to mould flux, Ni-based super alloy (Inconel 600), alumina and PTFE (Teflon) with know thermal 

conductivity values were employed as samples; [9] silica glass sheets were also measured because 

SiO2 is a major component of mould flux [4]. Two samples with different thicknesses were 

prepared: 20×20×0.5 mm3 and 20×20×0.1 mm3 for Inconel; 20×20×0.5 mm3 and 20×20×0.2 mm3 

for alumina and Teflon; 20×20×1.0 mm3 and 20×20×0.5 mm3 for silica glass. The surface 

479



 

roughness was measured by a laser microscope at ten different places for each sample. 

In experiment, silver paste or heat conductive grease was applied to both surfaces of a sample to 

reduce interfacial heat resistance, then the sample was placed upon the copper lid, and finally the 

heat source heated at 873 K was placed upon the sample at 100 s after the sample setting-up. The 

liquid height in the pipe was measured by a laser displacement meter where a plastic disc was 

placed on the water surface to make laser reflection stronger.  

   
Figure 1. Schematic diagram of measurement apparatus.  Figure 2. Conceptual diagram of simulation geometry. 

 

Applicability to Mould Flux Film 
 

In order to examine the applicability of the measurement to mould flux film, a two-dimensional 

model is used with COMSOL simulation software, as shown in Figure 2. The top rectangle is a 

heat source 20 10 mm2, the next rectangle is a block 20 10 mm2, which is placed between the 

heat source and the mould flux film to accommodate a thermocouple. The top two rectangles are 

made of aluminum. The next thin layer is a mould flux film 20 0.5 mm2, and the assumed 

composition of the mould flux film is shown in Table 1, which composition is typical of practical 

mould flux used in the continuous casting of steel. [4] The thermal conductivity value of this mould 

flux is 1.11 Wm-1K-1 at 573 K. [4] The bottom rectangle is a container 54 150 mm2, which is 

filled with an ice/water mixture. The container is sealed with a lid 54 1 mm2, which is made of 

copper. It should be noted that there are no fins and stirrer provided in this simulation system. The 

thermophysical properties of the materials except mould flux used were obtained from the 

COMSOL Multiphysics Material Library. [10] The whole system is governed by transient heat 

transport in each part is described by the following equation. 

(5)

where , , , ,  and  denote the distance in z direction, density, specific heat, 
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temperature, fluid velocity and heat with respect to each part, respectively. In the simulation system, 

well-insulation, no fins and stirrer are considered so that convection and radiation are negligible 

in this system. Therefore, the heat flux  is derived from the following: 

  (6)

The initial temperature of the heat source is set at 873.15 K, whereas the other parts are set at 

273.15 K; the top boundary is in contact with air at 298.15 K. The boundary condition in the 

bottom contacted with the ice/water mixture is set at 273.15 K.  

 
Table 1 Chemical compositions of the mould flux (wt.%) [4] 

SiO2 CaO Al2O3 Na2O F C-free 
34.4 33.0 6.1 13.4 8.1 2.9 

 

Results and Discussion 
 

Thermal Conductivity of Silica Glass 
 

Figure 3 shows the temperature changes (  and ) with time obtained in experiments for 

silica glass samples. It can be seen that  values increase significantly and rapidly just after the 

heat source is placed and then start to decrease after reaching the maxima. The maximum of  

for the thinner sample is higher than that for the thicker sample, which is because the thicker 

sample has larger thermal resistance. It is also noted that  is not kept at 273.15 K, which 

might affect the thermal conductivity value. However, the increase in  is less than 10 K.  

Figure 4 shows the liquid height change with time obtained for the glass samples. It can be seen 

that the liquid height decreases slowly before the heat source is placed but drastically immediately 

after the heat source is placed and then slowly again.  

Figure 5 compares values of  determined from the liquid height decrease via Eq. (2) for the 

glass samples. The values of  increase quickly at about 100 s, namely, just after the heat 

source is placed, and then decrease after reaching the maxima. There can be seen a difference 

between the values of  for the two samples with different thicknesses.  

The results by a laser scanning microscope indicate that the same material samples with different 

thicknesses have almost the same average roughness values. Thus, Figure 6 is obtained on the 

basis of Eq. (4), showing the relation between the heat flux and the temperature difference for glass, 

using  data having the same value of (  - ) in Figure 5. It is considered that before 

the calculation region the sample is just heated up by the heat source and the system has not yet 

reached a quasi-steady state. On the other hand, after the calculation region the temperature 

difference is too small for analysis. There can be seen a linear portion in Figure 6, which 
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corresponds to the data within the calculation region. The slope of the linearity provides the 

thermal conductivity of glass, and the intercept might be due to the heat loss but is small enough 

to be neglected. Table 2 gives the experimental values derived for the four kinds of sample with 

their standard deviations, along with the respective reported values. [9] The experimental scatter 

of thermal conductivity values is less than 5%, and all the experimental values are in good 

agreement with the reported values. Consequently, this apparatus can be applied to sheet samples 

with thermal conductivity ranging between 0.25 Wm-1K-1 and 30 Wm-1K-1.  

  
Figure 3. Change with time in temperatures for silica. Figure 4. Change with time in liquid height for silica. 

  
Figure 5. Comparison between heat flux changes with time for silica. Figure 6. Plots based upon Eq.(5) for silica. 

 

Table 2 Experimental thermal conductivities in comparison with reported data 

 Literature Data (Wm-1K-1) [9] Experimental Data (Wm-1K-1) 
Inconel 14.8 14.7±0.4 

Alumina 23-30 24.8±0.7 

Teflon 0.25 0.313±0.04 

Silica 1.38 1.34±0.03 

 
Applicability of the present method to thermal conductivity measurements of oxide scales 

 

Figure 7 shows the heat flux changes in the block and the mixture (  and ) with time, 
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where the negative sign means that heat flows downwards. The numerical results predict that heat 

is mainly transferred from the heat source to the ice/water mixture across the sample and  

equals  in 20 s, indicating that the system approaches a quasi-steady state in 20 s. Figure 8 

shows temperatures of  and  as a function of time. It can be seen that  and  

increase first and reach the maxima and then start to decrease. These tendencies are the same as 

obtained in the present work. However, it should be noted that the maximum of  is 550 K 

when the calculation time region starts, and the steepest temperature gradient is only 160 Kmm-1. 

A heat source with higher temperature should be applied if the temperature gradient close to that 

in the actual mould flux is required. It should also be noted that  increases by about 140 K, 

which is greater than the increase of  obtained for the present work. Thus, another key 

factor to apply the present method to mould flux at higher temperatures is to control the 

temperature of the ice/water mixture as close to 273.15 K as possible by optimizing the fin design. 

In addition, as mentioned above, the simulation system provides no fins, the use of which would 

be of help to improve this situation. 

According to the above, it has been confirmed that the present method can be applied to mould 

flux film. However, there is a key factor to prepare mould flux films with different thicknesses in 

the range 0.5 – 1.0 mm and with the same surface roughness; and the measurement system should 

be improved in the following aspects: (i) the increase in the initial temperature of heat source, (ii) 

the use of high heat capacity material as heat source and (iii) the increase in the mass of heat source. 

   
Figure 7. Change with time in heat flux in 0 ~50 s. Figure 8 Change with time in temperatures of Tup and Tdown 

 

Conclusions 
 

A new quasi-steady state hot plate method has been developed and the procedure to derive the 

thermal conductivity has also been established for future measurements of apparent thermal 

conductivities of mould flux film.  

The method proposed has been applied to sheet samples of Inconel, alumina, Teflon, and silica 

glass, and the thermal conductivity values have been obtained as 14.7 ± 0.4 Wm-1K-1 for Inconel 
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at 281 K – 287 K, 24.8 ± 0.7 Wm-1K-1 for alumina at 281 K – 287 K, 0.313 ± 0.004 Wm-1K-1 for 

Teflon at 286 K - 412 K, and 1.34 ± 0.03 Wm-1K-1 for glass at 293 K – 303 K under a temperature 

gradient of 20 Kmm-1, which results are in good agreement with the respective reported values.   

Simulation study has also been made to discuss the applicability of the present method to mould 

flux film at higher temperature under a steeper temperature gradient and concludes that the method 

would be applicable to the mould flux. 
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Abstract 

Regulating thermal behavior between the solidifying shell and a mold is one of primary roles of 
the mold flux film during continuous casting of steel. This is particularly important as excessive 
heat flux through slag film will induce surface defects on cast steel. This study focuses on 
controlling radiative heat transfer through liquid slag film by utilizing finely dispersed metallic 
particles in commercial CaO-SiO2-CaF2-Na2O based mold flux system. In order to investigate the 
scattering effect on heat transfer during industrial casting processes, the extinction coefficient of 
various mold fluxes was measured using an FT-IR and a UV-visible spectrometer. Also, series of 
IET (Infrared Emitter Technique) tests were conducted in order to simulate mold heat transfer 
during commercial casting processes. Finally, it is found that the Mie scattering effect due to 
metallic particles will reduce the overall heat flux density through mold slag film by 10% or more. 

Introduction 

Mold flux acts as a lubricant after infiltrating into the gap between steel shell and copper mold to 
prevent the sticking of solidifying shell on continuous casting mold. In the casting mold wall after 
infiltration, mold flux exists as the slag film with two layers: molten glassy layer next to steel shell, 
and solid layer of partially crystallized glass adjacent to copper mold. Each flux film layer affects 
heat transfer through mold flux film by providing thermal resistances which consist of both the 
conduction and radiation.1 Many previous studies suggested that mold heat transfer during 
continuous casting process will be governed by radiative thermal resistance across molten glassy 
layer, thermal conduction through solid layer.2,3 , and air gap at the interface between copper mold 
and solid flux film layer.4,5 Among them, radiative heat transfer is supposed to be dominant 
especially at initial stage of solidification near meniscus, where the surface defects such as 
longitudinal crack and break-out can be easily occurred due to excessive heat flux from molten 
steel to mold. Therefore, it is highly necessary to suppress the excessive thermal radiation by 
controlling the optical properties of molten glassy film layer to achieve the sound surface quality 
of cast steel products.  
 Several attempts have been made to measure the extinction coefficient which governs radiative 

heat transfer through mold flux film. For example, it is reported that extinction coefficient is 
markedly dependent on the contents of transition metal oxide in slag system.6 However, there has 
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not been systematic investigation on thermal radiative heat transfer considering both the absorption 
and scattering behavior of molten glassy flux film. In this study, for the comprehensive 
understanding of thermal radiation through molten glassy film layer, absorption and scattering 
coefficients have been investigated using an FT-IR and a UV-visible spectroscopy. Especially, 
contribution of metallic particles on scattering behavior was discussed based on Mie scattering 
theory. In addition, for evaluation of the overall heat transfer through mold flux film, an infrared 
emitter has been employed in this research. By infrared emitter technique, the mold fluxes with 
different extinction coefficient have been tested in order to clarify the effect of controlling thermal 
radiation on overall heat flux density during commercial continuous casting process.  
 

Experimental 
 

1. Sample preparation 
 
Boron oxide containing mold fluxes were chosen for investigation of optical properties as shown 

in Table 1. Each mold flux was melted in the graphite crucible using a muffle furnace at 1653K, 
and then quenched in a copper mold, annealed at 700K for 1 hour to relieve thermal stress. . These 
glassy specimens were slice and polished into a thin disk type of 13mm in diameter and 10-20mm 
in thickness. The chemical composition of mold fluxes are shown in Table I. 
 

Table I. Chemical composition of mold fluxes (wt. %) 
Sample SiO2 CaO MgO Al2O3 Fe2O3 Na2O F B2O3 Basicity 
B6 37.9 36.4 0.9 4.5 0.3 6.8 6.7 6.5 0.96 
B9 37.0 36.1 1.0 4.3 0.4 6.3 5.6 9.3 0.98 
B11 35.6 35.8 0.9 4.2 0.3 6.0 5.8 11.4 1.0 
B15 34.3 34.0 1.0 4.0 0.3 5.7 5.5 15.2 1.0 
B28 30.1 30.2 1.0 3.2 0.2 5.2 2.0 28.1 1.0 

 
2. Determining extinction coefficient 

 
Extinction coefficient, E, of mold fluxes was investigated using Fourier transformation infrared 

spectroscopy and ultra violet/visible spectrometer in the range of 0.5-5μm. As the radiation energy 
passes through the specimen, its intensity is decreased by absorption or scattering phenomenon 
which can be estimated by extinction coefficients. As the reflectivity of glassy film of mold flux 
is known to be only 1-3 percent, 1) the dissipation of thermal radiation through a glass medium can 
be expressed by simple Lambert-Beer’s law, equation (1).  

� �� �
0

expTI s l
I

�	 � �         (1) 

where I0 is the incident beam of light, IT is transmitted infrared intensity, α is absorption coefficient, 
s is scattering coefficient, and l is the thickness of the specimen. The extinction coefficent is simply 
the sum of absorption and scattering coefficients.. 
 

3. Measuring particels on matrix 
 

 In order to investigate the effects of particle properties such as constituent, morphology and size  
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on extinction coefficients of mold fluxes, an automatic scanning electron microscopy has been 
employed. By SEM technique, each sample were analyzed in the area of 25.0×10-6 m2 and particles 
were detected on back scatter electron mode image using automatic threshold of the image grey 
level. All of sample matrix were quantified for Si, Ca, Na, Al, Mg, Fe, O with recording during 
measurements.  

 

4. Infrared emitter technique 
 
Infrared emitter technique (IET) has been applied to measure thermal properties of mold fluxes 
under controlled conditions. The experiment was accomplished in following step: First, the 
halogen lamp of IET irradiates the surface of copper mold which is covered by solidified disk 
type(diameter:40mm, thickness:5mm) of glassy mold flux; after that heat flux across flux film was 
measured by the calculating temperature gradient of different position in subsurface copper mold. 
Simultaneously, video recording has been carried out to monitor the morphological change of mold 
fluxes by melting, solidification, and crystallization.  
 

Results and Discussion 
 

1. Thermal absorption behavior 
 

According to the investigation by Kusabiraki and Shiraishi et al.7,8, the extinction coefficient of 
solidified glassy mold fluxes will not yield significant error of demonstrate the radiative heat 
transfer across molten mold flux in the mold. Thus, in this study, extinction coefficients of mold 
fluxes have been measured at room temperature using solid glassy specimen. Extinction 
coefficients of commercial glassy mold fluxes in near infrared region are reported to be below 
1000m-1.9 However, two mold fluxes with 6.5% and 9.3% of B2O3 show distinctly larger extinction 
coefficients than others and reported commercial fluxes as shown in figure 1. The sharp peak is 
appeared in the 3.8-4.1μm due to the ring stretch of cyclic meta-borate ion.10 The average 
extinction coefficient of borate contained mold fluxes increase until nearly 10wt. % of borate 
addition, and then decreases with more than 10 wt. % of boron oxide addition. This complicated 
behavior of extinction would arise from the scattering effects due to particles on sample matrix, 
which will be discussed in following section. 
 

 
Figure 1. Extinction coefficient of B2O3 contained mold flux as function of wavelength. 
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 Also, this drastic change of extinction coefficient according to amounts of boron oxide could 
explain with variation of particle density and molar structure by each borate glassy sample. 

 
2. Scattering phenomenon for mold fluxes 

 
According to investigation of SEM-EDS analysis, spherical particles were detected and 

identified as metallic iron by reduction reaction of ferric oxide with carbon crucible during melting 
process. It is found that both the average particle size (B6: 0.769, B9: 0.779, B11:0.344, B28: 
0.371/μm) and number of particle (B6: 336, B9: 427, B11: 35, B28: 89) are closely concerned with 
averaged extinction coefficients (B6: 1,841, B9: 2,695, B11:861, B28:1,127/m-1) of glassy fluxes. 
These results show that the number of spherical metallic particles are intensively related to 
extinction coefficient by scattering effects. In this respect, it is necessary to extract the contribution 
of scattering effects on extinction coefficients. B3 flux which shows the minimum number of 
metallic particle has been chosen for reference. It is assumed that scattering behavior through 
reference flux can be ignored. Then, the scattering coefficient of other fluxes can be derived by 
the difference of extinction coefficient with reference flux, as shown in figure 2.  

 

 
Figure 2. Experimental scattering coefficient of B6 and B9 fluxes. 

 
It can be seen that mold fluxes which contain boron oxide below 10 wt. % have distinct scattering 
behavior due to many tiny metallic particles in the glassy matrix. In order to figure out this 
phenomenon, it is essential to apply the scattering effect on the basis of scattering theory. For this 
reason, Mie theory is chosen for clarifying scattering effect in this study. This theory could well 
explain the scattering behavior when the particle size is similar to the incident light wavelength.11 
In Mie theory, the scattering coefficient could confirmed with size parameter(x) and relative 
refractive index of medium and spherical particle. 

2 medrnx �
�

	                  (2) 

where r is the radius of particle, nmed is refractivity of medium and λ is the incident beam 
wavelength. And, the scattering coefficient (μ) is defined as 

 s s s� � �	 �                   (3) 

where ρs is number density of particles, σs is scattering cross section. Numerical values of σs were 
calculated using the subroutine BHMIE.12 This code and comparable ones are readily available 
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online.13 In this study, scattering coefficients of boron oxide containing mold fluxes were 
calculated by above procedure with compensating size parameters. Previous studies showed that 
larger asymmetry parameter will bring the lack of enhancement of backscattering behavior, which 
is not suitable for this study but only for geometic optics.14,15 Therefore, theoretical scattering 
coefficients is calculated by controlled range of size parameter which intentionally related to 
wavelength and particle size as shown in figure 3. However, there are slightly difference between 
experimental and theoretical data. It is assumed that particle number distribution of glassy flux 
matrix is incorrect because the metallic particles would be detached from glassy matrix during 
etching. Adding to this, automatic SEM technique has some detective limitation to identify the 
fine or dark. Based on Mie scattering theory, the origin of increased extinction coefficient can be 
logically explained  as dispersed metallic particles in glassy matrix.   

 

 
Figure 3. Scattering coefficients calculated by Mie theory as function of wavelength. 

 
3. Demonstrating of overall heat transfer through mold flux film by using IET 

 
 During the tests using a infrared emitter technique, the mold flux film would be exposed to the 
thermal circumstance  close to the industrial continuous casting mold.  
 

 
 

Figure 4. The measured heat flux history for different mold fluxes . 
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In order to confirm the scattering effect without changing absorption behaviors on total heat flux 
through mold slag film, 5 wt. % of metallic iron particles were added in mold flux with 15 wt. %
of boron oxide. Also, iron oxide was put into slag for clarifying the extinction coefficient which is 
comprised of absorption and scattering coefficient. As can be seen in figure 4, it could be observed 
that the measured average heat flux for each mold flux at steady state(1500-2000second) are 
around 174(flux-B15), 134(B15 with 5wt. % of FeO), and 130(B15 with 5wt. % of metallic Fe) 
kW/m2, respectively. The difference of heat transfer rate arises from scattreing effect of iron 
particles by addition of FeO and metallic iron in the sample. It is worthy to note that the increase 
of scattering coefficients will not bring any fatal effects on friction in a casting mold while any 
other countermeasures to enhance the degree of crystallinity will significantly disturb the 
lubrication. Therefore, it is highly desirable to modify mold flux system by using scattering factors 
has been enhanced to reduce heat flux from steel shell to copper mold.

Conclusion 

Comprehensive understanding of heat transfer through mold flux film is attained by considering 
the thermal radiative absorption into glass phase for commercial CaO-SiO2-Na2O based mold 
fluxes. 
(1) Metallic particles in mold flux increase extinction coefficient which affect radiative thermal 

conductivity and shows a marked increase in the radiative heat controlling region from 1 to 5 
μm. 

(2) Scattering effects could be useful to control heat transfer rate by growth of extinction 
coefficient due to reduction reaction of iron oxide with carbon in mold flux system. 

(3) Selection of proper flux component for casting steel should be intensively dependent on 
thermal performance as slow cooling which can be effectively achieved by scattering 
coefficient in mold flux without bad lubrication. 
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Abstract 

This paper presents the results of two experimental studies on diffusion of SiO2 in 
“silicomanganese” (SiO2-MnO-CaO-Al2O3- MgO) slag and CaO in calcium aluminosilicate slag.   
The diffusivity of SiO2 was measured in the temperature range of 1400-1550 °C; while the 
diffusivity of CaO was determined at 1430-1600°C. The effects of additives on the chemical 
diffusivities of SiO2 and CaO were also examined. Addition of CaO and MnO to the 
silicomanganese slag increased silica diffusivity, while addition of SiO2 and Al2O3 slowed it 
down. Addition of TiO2 and MnOx to the aluminosilicate slag increased the diffusivity of CaO,
while the addition of SiO2 had a negative effect on the diffusivity of CaO. Analysis of diffusivity 
in relation to the structure of silicate melts demonstrated a good correlation between diffusion 
coefficients of SiO2 and CaO and NBO/T (non-bridging oxygen per tetrahedrally coordinated 
atom).

1 Introduction 

 Many pyrometallurgical processes include dissolution of solid oxides (e.g. fluxes and 
refractories) into molten slag, which could affect the metallurgical performance rate of the whole 
process. Silicomangense (SiMn) alloy production and secondary steel making are two examples 
of pyrometallurgical processes in which oxides dissolution into molten slag plays a significant 
role.

 In the production of SiMn alloy, quartz is dissolved into the molten slag, from which silica is 
reduced to the metallic phase.  The presence of undissolved lumpy silica in the reaction zone of 
the furnace was observed, while the concentration of silica in SiMn slag (35-45 wt. %) was 
found to be much lower than the silica-saturation value [1].  This is an indication that dissolution 
of silica into molten slag is slow and can contribute to the process rate control. 

In steelmaking, during the production of aluminium killed steels, the removal of residual alumina 
and silicate inclusions in liquid steel is carried out using lime based (calcium alumina-silicate) 
slag. Rapid and complete dissolution of lime into such slag is of considerable importance. 
Different fluxes are added in order to promote dissolution of lime into the slag. The addition of 
fluxes and additives to the slag results in changing its structure and accordingly diffusion 
phenomenon. 

The diffusion of silicon and calcium oxides in different melts has been investigated by a number 
of researchers [2-8]. Dolan and Johnston [2] studied diffusion behavior of Mn, Fe, Ca and Si in
molten silicate slag (Al2O3, SiO2, CaO) over the temperature range of 1400-1600°C using the 
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semi-infinite capillary method. They found a relationship between “molecular structure” of melts 
and diffusivity. A decrease in the average size of the silicate anions as a result of 
depolymerisation resulted in the increasing diffusivity of all species. Feichtinger et al. [4] 
investigated the dissolution behaviour of well-shaped spherical SiO2 particles in a number of 
CaO-Al2O3-SiO2 slags at 1450°C using high-temperature confocal scanning laser microscopy 
and thermodynamic/kinetic analyses.  The rate of silica dissolution was determined from the 
measurements of the change in the diameter of the spherical SiO2 particles. Their results showed 
that the rate of dissolution of silica decreased with increasing slag viscosity.  
Keller and Schwerdtfeger [5] also measured the tracer diffusivity of Si in CaO-SiO2 melts at 
1600°C using the capillary technique. In their work, Si isotope was produced by neutron 
bombardment in a nuclear reactor. According to their results, the diffusivity of Si decreased with 
increasing silica content. 

Dissolution of lime over the temperature range 1450-1600°C in calcium silicate based slags was 
measured by Matsushima et al.[6] using a rotating disk technique. In their experiments, slags 
contained about 20 wt % Al2O3 or FeOx and CaO/SiO2 ratio was constant at one. According to 
their experimental data in slags containing FeOx the dissolution rate was several times higher.  
The influence of different additives (CaF2, CaCl2, Al2O3, and B2O3) on the dissolution of lime in 
calcium-iron silicate slags (40 wt. % FeOx with CaO/SiO2 ratio of 1) at temperatures in the range 
of 1300°C-1400°C was examined by Hamano et al.[7]. CaO diffusivity in iron-silicate slag was 
examined by Hara et al. [8] over a temperature range of 1270-1450°C. They showed that self-
diffusivity of Ca45 increased with addition of CaO.   
   
The present work was aimed at extending the current understanding of the relationship between 
the structure of SiMn industrial slag and calcium aluminosilicate slag and diffusion of silica and 
lime in such slags.  The diffusion coefficient of silica in silicomanganese slag under argon and 
the diffusivity of CaO in calcium aluminosilicate in air were measured using a rotating rod 
technique. The influence of different additives on the diffusivity was also investigated. 
Experimental data on diffusivity were analysed in relation to the structure of the oxide melts. 
 
2 Experimental 

The dissolution rate and diffusivity of silica were measured in the industrial SiMn slag supplied 
by Tasmanian Electro Metallurgical Company (TEMCO). The slag was crushed using ring mill 
and then kept in oven at 150°C overnight to remove moisture. The dissolution rate and 
diffusivity of CaO were measured in the synthetic steel ladle (calcium aluminosilicate) slag 
which was prepared from fine reagent grade chemicals of high purity and dried at 120°C for at 
least 12 hours; the slag composition was close to the composition of the steelmaking ladle slag. 
The calcium aluminosilicate slag was made in a 15 KW, 450 KHz induction furnace at 1500°C 
in air.  The industrial SiMn slag and synthetic calcium aluminosilicate slag were analyzed by 
XRF analysis; the results are shown in Table 1.    
 
Table 1:     Chemical composition of industrial SiMn slag and synthetic calcium aluminosilicate 

slag 
Component, wt. % K2O MgO MnO CaO Al2O3 SiO2 Fe2O3 

SiMn slag  2.7 5.5 15.3 19.2 12.4 44.9 - 
Calcium aluminosilicate slag 0.01 0.04 - 48.8 42.2 7.8 0.2 
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In the measurement of the dissolution rate of SiO2 in SiMn slag, fused quartz rods (20 mm 
diameter and 200 mm long, tolerances of ±1.5%), with a purity of >99% supplied by Technical 
Glass Products, Inc. USA were used as specimens in the rotation experiments. About 130 g of 
crushed slag was contained in a Mo crucible (30 mm OD, 60 mm high).  

A lime crucible (20 mm diameter and 30 mm height) was used as the rotating samples in 
measurements of the CaO dissolution rate in calcium aluminosilicate melt.  About 60 g of slag 
was contained in a Pt-10% Rh crucible (40 mm diameter and 44 mm height). Crucibles 
containing samples were placed on a platform on an alumina tube.  Temperature was measured 
by a type-R thermocouple. Experimental set-ut and the procedure followed has been presented 
elsewhere [9,10].  

3 Experimental results and discussions 

3.1 Dissolution rate and diffusivity  

To investigate the effects of rotation speeds of samples on their dissolution rates, experiments 
were carried out  with rotation speeds ranging from 40 to 100 revolutions per minute (RPM) in 
the measurements of the dissolution rate of silica and and 30-150 RPM in the measurements of 
the dissolution rate of CaO. The following equation was applied to calculate the dissolution rate 
of quartz and CaO in molten slag [10]: 

  
60**100

*

A
Wsloperate 	  

(1) 

where slope (wt. %./min) is the slope of silica or CaO concentration curve versus reaction time, 
which was obtained by fitting a straight line through the experimental concentration data. W (g) 
is the mass of slag and A (cm2) is the total area of silica rod and lime crucible in contact with 
molten slag. Both silica rod and lime crucible were considered as consisting of a disk at the 
bottom and cylindrical wall. The cylinder height was assumed to be the depth of immersion of 
the rod into molten slag. Consequently total area was assumed to be the area of disk and cylinder 
in contact with slag. The diffusivities of silica in SiMn slag and CaO in calcium aluminosilicate 
slag were calculated from experimental data on the dissolution rate.  

Levich-Cochran [11] and Kosaka et al. [12] correlations were used to describe mass transfer 
from disk and cylinder sides of specimen, respectively. The following equation was derived for 
the total mass transfer based on the mass flux from disk and cylinder sides of quartz rod and lime 
crucible: 
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where �  (rad/s) is angular velocity of the disk ).( rV �	 , r is the radius of the silica rod and 
lime crucible and h  is the length of specimen immersed in the slag; ρ, μ and D  are slag density, 
viscosity and diffusivity. The total mass transfer coefficient was calculated using the 
experimental data on the rate of dissolution, according to the following equation: 
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where; sC  and bC  are concentrations of SiO2 / CaO (wt. %) at specimen-slag interface and in 

bulk slag, respectively. Slag density slag� was estimated by a model proposed by Mills and Keene 

[13]. Chemical diffusivity was calculated using Equations (2) and (3). 
 
In the case in which the rate of dissolution is controlled by mass transfer in molten slag, the 
dissolution rate of disk is expected to increase linearly with the square root of rotation speed [14] 
and dissolution rate of cylinder is proportional to the power of 3/4 of rotation speed [15].  Figure 
1 shows CaO and SiO2 dissolution rates plotted vs the square root and the power of 3/4 of 
rotation speed at the temperatures of 1430°C and 1600°C for CaO and 1500oC for SiO2. This 
implies that under experimental conditions in this work, mass transfer in the liquid phase 
controls the dissolution rates of silica and CaO.  

It is worth noting that due to the difference in physical properties of SiMn and calcium 
aluminosilicate slags (viscosity in particular), different ranges of the rotation speeds and 
temperatures were selected for each case.    The effects of temperature and slag chemical 
composition were studied at the rotation speed of 60 and 90 RPM for the SiO2 and CaO 
dissolution, respectively. The uncertainties in estimation of the diffusivity of silica and CaO were 
about ±36 and 33%, respectively; which were deduced from uncertainties in calculation of the 
slope of SiO2/CaO concentration data, weight of molten slag, contact area between the specimen 
and slag and dissolution rate data.  

 
CaO-A 

 
CaO-B 

  
Silica-A 

 
Silica-B 

 Figure 1. Dependence of the dissolution rate of CaO and SiO2 in calcium aluminosilicate and 
SiMn slags on the rotation speed; A: in the power 0.5, and B: in the power 0.75. 
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In the study of the influence of slag chemical composition on the dissolution rate and diffusivity 
of SiO2 and CaO, different oxides were added to the master slags. The dissolution rates and 
diffusivities of SiO2 and CaO over the temperature ranges of 1430-1600°C for CaO and 1450-
1550°C for SiO2 are listed in Table 2. The addition of MnO, and TiO2 to calcium aluminosilicate 
slag significantly increased the effective diffusivity of CaO, while the addition of SiO2 slowed 
down the diffusivity of CaO. 

The SiO2 dissolution rate and diffusivity increased with increasing temperature, and additions of 
MnO and CaO. Addition of Al2O3 and SiO2 decreased the dissolution rate and diffusivity of 
silica.  

Table 2 Dissolution rate and diffusivity of CaO in the calcium aluminosilicate slag and SiO2 in 
silicomanganese slag. 

CaO 

Slag Temperature 
°C 

Dissolution 
rate  

(gr.cm-2.s-1) 

Diffusivity 
(cm2/s) 

Master 
slag 

1430 5.03 ×10-5 9.20×10-6 

1500 6.37×10-5 1.32×10-5 

1550 8.83×10-5 1.9×10-5 

1600 1.27×10-4 3.07×10-5 

Master 
slag+5% 

MnOx 

1430 9.55×10-5 3.54×10-5 
1500 1.40×10-4 4.28×10-5 
1550 1.66×10-4 5.01×10-5 

1600 2.17×10-4 6.82×10-5 

Master 
slag+5% 
TiO2 

1430 7.96×10-5 1.38×10-5 
1500 1.21×10-4 2.37×10-5 

1550 1.34×10-4 2.49×10-5 

Master 
slag+5% 
SiO2 

1500 6.61×10-5 8.77×10-6 

1550 1.01×10-4 1.51×10-5 

1600 1.34×10-4 2.02×10-5 

 

SiO2 

Slag Temperature 
°C 

Dissolution 
rate  

(gr.cm-2.s-1) 

Diffusivity 
(cm2/s) 

Master 
slag 

1450 1.1×10-5 8.2×10-7 
1500 1.6×10-5 8.4×10-7 
1550 2.5×10-5 1.2×10-6 

Master 
slag+10% 

Al2O3 

1450 4.4×10-6 9.4×10-8 

1500 8.1×10-6 1.9×10-7 

1550 1.8×10-5 4.9×10-7 

Master 
slag+10% 

CaO 

1450 2.2×10-5 8.4×10-7 
 1500 2.9×10-5 1.1×10-6 

1550 4.3×10-5 1.3×10-6 
Master 

slag+10% 
SiO2 

1450 2.7×10-6 1.5×10-7 

1500 5.9×10-6 3.9×10-7 
1550 1.2×10-5 6.4×10-7 

Master 
slag+10% 

MnO 

1450 1.8×10-5 7.3×10-7 

1500 2.4×10-5 9.5×10-7 
1550 3.3×10-5 1.3×10-6 

 

Diffusivity of SiO2 in slag containing 54.6 wt. % SiO2, 34.1 wt. % CaO, and 10.6 wt. % Al2O3 

measured by Feichtinger et al. [4] was found to have a magnitude of 10-7 cm2/s, which is in a 
good agreement with the present study on diffusivity of SiO2 in the industrial SiMn slag with 
addition of 10 wt. % CaO at 1450°C. The diffusivity of SiO2 in the SiMn slag with addition of 
CaO at 1450 °C is in a good accord with data [16] on self-diffusivity of Si in slag containing 21 
wt. % Al2O3-39% CaO-40% SiO2 at 1430°C. It should be mentioned that self-diffusivity is a 
measure of random movement of atoms in the melt while the diffusion of SiO2 in the present 
work is the chemical diffusivity. Therefore chemical diffusivity is expected to be higher than 
self-diffusivity. However, slag in the measurements of self-diffusivity of Si contained higher 
CaO content. 

Keller et al. [5], in the study of the self-diffusivity of Ca45 in the CaO˗SiO2 melts in the 
temperature range of 1500 to 1700ºC showed that diffusivity of calcium was decreased by the 
increasing silica content of the slag from 0.448 to 0.634 (mole fraction). This is in an agreement 
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with results obtained in the present work. Self-diffusivity of Ca45 determined in [5] is lower 
compared to the present results. This difference could be explained by substantial difference in 
the silica content of slags, and methods of diffusivity measurements. Slag examined in [5] had 
higher silica content than in the present work; it should be also noted that self diffusivity is lower 
than chemical diffusivity. 
 

3.2 Slag structure and diffusivity 

Silicate melts are characterised by large silicate anions with their size increasing with increasing 
silica content (slag polymerization). Silicate anions form a network structure in which nearly all 
oxygen atoms act as bridges between two silicon atoms [17]. However, addition of basic oxides 
such as CaO, MnO and MgO to silicate melts breaks down the silicate network with formation of 
non-bridging oxygen ions. Such oxygen ions are bonded to both network modifying metal 
cations (Ca2+, Mn2+) and tetrahedrally coordinated cations (Si+4) in the silicate network [18]. 

The effect of Al2O3 on physical and transport properties of the slag at a given silica content 
depends upon the ratio of alumina to metal cations such as Ca2+, Mn2+, K+  (R=alumina/metal 
oxide) [19-23]. Cation Al3+ can form tetrahedra AlO4

5-, however, to fit to the silicate network, a 
charge compensation is needed to provide the electrical charge of the tetrahedral unit 4- as in the 
silica unit SiO4

4-. In the slag studied in the present work, the number of charge compensators is 
higher than the number of AlO4

5- tetrahedra (R<1). Alumina acts as a network former causing 
increase of the slag viscosity and slowing silica diffusion. 

Calcium aluminosilicate slag studied in this paper was basic; in this slag, the SiO44- anions were 
mostly in the form of non-chained anions. It is reported in [24, 25] that bond strength between 
ionic species should influence the structure of aluminate melts. At the given aluminate content, 
the variation in diffusivity of CaO can be attributed to the difference in the strength of M2+-
oxygen ion interaction, i.e., the stronger the interaction between the atoms in the melt, the more 
difficult the movement of atoms and slower diffusion.  

 Mills [26] demonstrated that depolymerisation of the melt is the primary factor affecting 
physical properties of silicate slag including diffusivity. The degree of depolymerisation of the 
melt can be characterised by the number of non-bridging oxygens per tetrahedrally-coordinated 
atom (NBO/T). Values of NBO, T and NBO/T ratio were calculated using the following 
equations which were suggested in [31]:  
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Plots in Figure 2 show a good correlation between log10D  and the NBO/T ratio for both calcia 

and silica at temperatures in the ranges of 1430-1600°C and 1450-1550°C. Diffusivity of CaO 
and SiO2 increases with increasing degree of depolymerisation of silicomanganese and calcium 
aluminosilicate slags.  It is worth noting that at a given value of NBO/T, the diffusivity of CaO is 
about two orders of magnitude higher than the diffusivity of SiO2.  Such a large difference was 
also observed in the self-diffusivity of relatively small cations (e.g. Ca2+) and large silicate 
anions (SiO4

4-, Si2O7
6-, Si3O10

8- etc). The differences in size of ionic species and their 
interactions with neighboring ions are thought to be responsible for their relative ease of 
movement and hence diffusion in the melt. 

 

                                      CaO 

 

                                  Silica 

Figure 2. Diffusion coefficients of CaO and SiO2 as functions of the NBO/T ratio 

 
4 Conclusions 
 
Diffusivity of silica in SiMn slag at temperatures of 1450, 1500 and 1550ºC was in the range of 
8.2×10-7˗1.2×10-6  cm2/s  which increased with addition 10 wt. % CaO and MnO.  Addition of 
SiO2 and Al2O3 to the slag resulted in the lowering the diffusivity of silica to 4.9×10-7 cm2/s and 
6.9×10-7 cm2/s, respectively at 1550ºC.  

The increase in the diffusivity of silica in SiMn slag with addition of CaO and MnO was 
attributed to the melt depolymerisation. Additions of SiO2 and Al2O3 to the slag slowed down the 
diffusion of SiO2 in the slag, and strongly increased slag viscosity. Expansion of a network 
of 4

4
�SiO  tetrahedra, which also incorporated AlO4

5-, slowed the movement of anions leading to a 
slower diffusion of SiO2 in slag. 

 Addition of MnOx and TiO2 to the calcium aluminosilicate slag at 1550ºC increased the 
diffusion coefficient of CaO from 1.9×10-5 to 5.1×10-5 cm2/s and 2.49×10-5 cm2/s, respectively. 
The addition of SiO2 decreased the diffusivity of CaO in slag to 2.02×10-5 cm2/s. This trend was 
attributed to the difference in the strength of M-O bonds.  The slower movement of atoms in the 
environment with stronger M-O bonds results in the lowering diffusivity.  

Diffusivity of calcia and silica correlated well with the NBO/T ratio, which characterises the 
degree of the slag depolymerisation.  
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Abstract 

 
A study on the effect of cation species on the viscosity and electrical conductivity of CaO-
MgO-SiO2 system is carried out. Rotating cylindrical and two-plate method is used for 
viscosity and electrical conductivity measurements, respectively. Raman spectroscopy is also 
carried out to understand the structure of the slags. Experimental results indicated that the 
cationic effect on viscosity and ionic conductivity is governed by classical Anderson-Stuart 
theory: The dominance of electrostatic interaction on steric hindrance is confirmed for 
depolymerized melts (NBO/T=2.0). For polymerized melts (NBO/T=0), however, the major 
cationic effect on transport properties are examined to be a strain field distortion energy. The 
viscosity and ionic electrical conductivity are in strong correlation and assumed as the 
structure-dependent property. The structure of polymerized melts is also affected by the 
transition in primary solidification phase: Abnormal changes in properties and structure are 
observed at diopside congruent composition. Such a change at the congruent composition is 
assured by the entropy calculation and the stability function,  
 

Introduction 
 

Structure-composition-property relationship of silicate glasses and melts has long been of 
vast interest from geology, glass science, and metallurgy. Plenty of studies are devoted to 
elucidation of silicate melt structures with the aid of spectroscopic structural analysis including 
FT-IR[1],[2], Raman[3]-[7], and MAS-NMR[8]-[11] analysis. The effect of ionic distribution 
of silicate polymeric anion on properties of such melts were well reviewed by several 
pioneering works[5]-[7]. To the best of our knowledge, the effect of cations, however, has not 
been organized. 

Mysen[6] once suggested the application of topological entropy as a measurement of the 
deviation of cations from random mixing. Topological entropy, calculated by subtracting 
random mixing entropy of Qn species from configurational entropy[12], indicates that the 
cation is unevenly distributed throughout the silicate melts. Although the idea of Mysen 
provides a glimpse into the cationic effect in molten silicates, the effect is only considered by 
the ionization potential, z/r2. Several works defies the z/r2 hierarchy in which the opposite trend 
in physical properties is experimentally observed.  
The innovative aspect of present study is that it provides comprehensive understanding on the 
cationic effect on structure and property of molten silicate system, CaO-MgO-SiO2. To 
distinguish structural effect from ionic nature of cations, discussion on the fully polymerized 
melts (SiO2-saturated compositions) is performed. The classical Anderson-Stuart theory[13] is 
successfully applied for the explanation of the antithetic cationic effect on properties in 
polymerized and depolymerized melts. For polymerized melts, the effect of the transition in 
primary solidification phase is also discussed for its effect on properties and melt structure.  
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Experimental procedure 
 

Reagent-grade MgO and SiO2 powders are used. CaO was obtained by calcining reagent-
grade CaCO3 at 1273K for 10 hours. 100mg of powders are mixed and melted in a Pt crucible 
at 1873 K under high purity Ar atmosphere. To minimize segregation during the quenching 
procedure, a small amount of sample is melted in a halogen lamp installed high temperature 
confocal-laser microscope (Lasertec LV2000DX-SVF17SP). After a homogenized melt is 
obtained, He-quenching is applied to sustain initial cooling rates of 3000K/min. Fully-
polymerized silica-saturated compositions (blue circles in Fig 1 (a)) are chosen as a control 
group for the ionic interactions and CaSiO3-MgSiO3 compositions (green diamonds in Fig 1 (a) 
are chosen to exclude the effect of the basicity on the properties. 

The electrical conductivities of the melts were measured in a Pt–Rh crucible (ϕ 54 mm, 
length 65 mm). A pair of Pt-10Rh electrodes (10 × 40 × 1 mm) in contact with a Pt-Rh wire (ϕ 
1 mm, length 1 m) was calibrated using a 1.0 N KCl aqueous solution and the cell factor was 
determined. A Wheatstone bridge was established to measure the electrical resistance between 
electrodes. The alternating current was made using a 500 mV electrical potential with a 
frequency of 1 kHz. A Keithley 2182A nanovoltmeter was used to measure the resistance in 
the Wheatstone bridge circuit. The validity of the measurements was confirmed by measuring 
CaO–CaCl2 and CaO–CaF2 molten salts. 

The rotating cylinder method was applied in the viscosity measurements (Fig. 1). A 
Brookfield digital viscometer (RVDV-II+, Middleboro, MA) with a full-scale torque of 7.187 
× 10-4 N∙m was used. To avoid slag contamination and eccentricity during the rotation, triple-
joint Pt–Rh spindles were linked to the viscometer. The whole measuring system was calibrated 
using Brookfield standard oils with viscosities of 0.474, 0.967, 4.85, 9.25, and 49.8 dPa∙s at 
room temperature. 

A Pt–Rh crucible was placed in the mullite reaction tube and heated up to 1923 K under an 
Ar atmosphere of 99.9999% purity. The electrodes and viscometer were inserted into the melts 
at 1923 K and the temperature was decreased in 50 K increments. A stabilizing interval of 20 
min was carried out before every measurement. 

The Raman spectra of the samples were investigated at room temperature in the range of 
100–1900 cm-1. An Ar excitation laser was used with a wavelength of 514.532 nm at 2 mW for 
300 s. A HORIBA Jobin Yvon Raman spectroscope (LabRam Aramis) was employed. 
Quantitative peak deconvolution was carried out following the procedure described by Mysen 
et al6. PeakfitTM was applied to fit a Gaussian function in the range of 800–1200 cm-1 within a 
±0.5% error limit. 

 
 

Fig. 1. (a) The experimental compositions and phase diagram of CaO-MgO-SiO2  
(b) Pseudo-binary phase diagram for CaSiO3-MgSiO3 
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Fig. 2. Experimental apparatus for viscosity and electrical conductivity measurements 
 

Results and Discussion 
 

1. Cationic Effect on Electrical Conductivity and Viscosity in Polymerized and Depolymerized 
Melts 
 
The effect of the cationic exchange on electrical conductivity and viscosity of the polymerized 

(CaO-MgO-SiO2
satd., NBO/T=0) and depolymerized(CaO-MgO-0.5∙SiO2, NBO/T=2.0) melts 

are described in Fig 3. (a) and (b), respectively. An antithetic trend on the cationic effect is 
observed for the sets: For polymerized melts, electrical conductivity increases and viscosity 
decreases with Ca to Mg substitution. For depolymerized melts, however, electrical 
conductivity decreases and viscosity increases with the substitution.  
 

 
Fig 3. The effect of cationic substitution on (a) electrical conductivity and (b) viscosity for 

polymerized and depolymerized melts 
 

To remedy this major discrepancy, Anderson-Stuart theory[13] is revisited for opposite 
dependence on the cationic radius. In the theory, the cationic radius has different effect on ionic 
interaction energy in strain field distortion energy as Eq (1): 
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    (1) 

z,zO and R, RO are the valences and ionic radii of the mobile ion and stationary oxygens, 
respectively;  e is the electronic charge, and RD is the effective radius of the doorway. β, the 
Madelung constant, is the liquid lattice parameter, and G is the shear modulus. ε is the dielectric 
permittivity of the melt. It is notable that the effect of cationic radius, R, is opposite for two 
energy barriers. The electrostatic interaction energy, the former term, decreases with increasing 
cationic radius while the strain field distortion energy, the latter term, increases.  

To ensure the difference in the effect of cationic radius on two activation energies, the 
apparent activation energy is calculated by the Arrhenian relationship from the temperature 
dependence of viscosity and electrical conductivity. The strain field distortion energy on the 
other hand, is calculated following McElfresh’s suggestion[13]. Radius of doorway passage 
for ion migration is taken to be 0.6 atomic unit from Norton’s approximation[13] and shear 
modulus of dyne/cm2 is quoted from work of Anderson and Stuart. The calculated 
activation energies are described in Fig. 4.  

 

 
Fig. 4. Apparent activation energy and strain field distortion energy of CaO-MgO-SiO2 

system as a function of the arithmetic average cationic radius, <r>. 
 
From the activation energy discussion, the electrostatic interaction energy, the subtraction of 

strain field distortion energy from apparent activation energy, is larger enough than strain field 
energy to take the strain field distortion energy to be negligible. As the cationic radius increases, 
the activation energy for the ionic migration consistently decreases allowing the ionic 
migration easier. Thus the electrical conductivity is enhanced and viscosity is decreased by 
enhanced ionic transfer. In fully-polymerized melts, in which silicate flow units are fully 
polymerized and electrochemically neutral, however, electrostatic interaction energy is 
assumed to lack hence the overall ionic migration is dependent only on the strain field distortion 
energy. Therefore, the ionic migration is easier for the cation of the smaller radius. Although 
the postulation successfully explains the antithetic trend of the cationic radius, the absence of 
electrostatic energy is yet to proven. 
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 To prove the absence of ionic interaction in fully-polymerized melts, the Walden plot16-18 is 
exploited. From Nernst-Einstein equation, Harris19 modified the relationship between electrical 
conductivity and viscosity of ionic melt as following equation: 
 

     (2) 

Angell et al.[16]-[18] discussed on the slope of logarithmic plot of Walden’s equation as an 
index of the intensity of ionic interaction: For ideal ionic solution, in which electrochemical 
neutrality is satisfied without electrostatic interaction, slope of the logarithmic Walden plot is 
unity.  
The logarithmic Walden plot is established in Fig. 5. The Walden plot of depolymerized melts 

lies on the typical plots of alkaline-earth silicate of which slopes range of 0.65 to 0.8. The 
Walden plot of polymerized melts, however, is nearly unity, meaning the silica-saturated melts 
be an ideal ionic melts and the silicate units be the electrochemically neutral solvent.  

 
Fig 5. Walden plot of (a) several alkali and alkaline-earth silicate melts including the results 

of present works (b) the results of present work only for convenience. 
 
2. The Effect of the Transition in Primary Solid Phase on the Melt Properties and Structure 
 
Further discussion lies on the elucidation of abrupt change in electrical conductivity and 

viscosity of the melt at the 50% of Ca to Mg substitution. (See Fig. 3 (a) and (b).) Together 
with the pseudo-binary phase diagram depicted in Fig 1 (b), the abrupt change in properties 
occurs at the vicinity of the diopside congruent composition.  
The Raman spectra of CaSiO3-MgSiO3 melts are described in Fig. 6 (a). Notable changes in 

the Raman spectra by Mg2+ for Ca2+ substitution does not occur only at the high-frequency 
regions, but also at the low- and mid-range frequencies. 
 In the low-frequency range around 340cm-1 and 380 cm-1, the peaks shifts toward to lower 

wavenumbers with higher MgO. Such a blue shift of wollastonite characteristic peak with 
increasing MgO composition infers the decrease in local crystallinity of wollastonite for 
cationic substitution: A Ca2+ ion of 114 pm of radius has coordination numbers of 7 to 9. Hence, 
Ca2+ is located in a cubic packing site with oxygen. The maximum radius of cation in cubic 
site of Si-O is 115.73 pm. A Mg2+ ion, on the other hand, has coordinate number of 6, occupying 
an octahedral packing with oxygen. The ionic radius of Mg2+ is 86 pm, which is larger than 
that of geometric maximum radius of cation in octahedral site of 65.49 pm. Therefore, Mg2+ in 
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silicate necessarily leads local distortion of Si-O lattice. The increase in Si-O vibrational 
frequency with Ca2+ to Mg2+ substitution in Raman spectra is plausibly caused by such an 
energetic destabilization of Si-O bond. After the Mg2+ substitution for Ca2+ exceeds the 
congruent point(x=50), the low frequency peaks disappears 

620 cm-1 and 720 cm-1 bands are regarded to be the bending motion of oxygen bonds in the 
Si-O-Si bonding and Si-O stretching, respectively. Combining the information from the high-
frequency regions, the decrease in the 720 cm-1 peaks indicate a polymerization of the melt by 
Ca2+ to Mg2+ substitution, which corresponds well with previously measured viscosity values. 
Description of the high-frequency 800~1200 cm-1 bands is well categorized by several 
researchers including Brawer[20], Mysen et al.[21], and McMillan et al[22]. 

Deconvoultion using a Gaussian function is employed to quantitatively assess the high-
frequency Qn. The result of the deconvolution is expressed in Figure 6 (b). Notably, the main 
structural units of silicate melts is determined to be Q2, Q3, and Q0 (in order of abundance). 
Virgo et al. [23] concluded equilibria of these structural units as following: 

 
              (3) 

 
It is notable that the population of each Qn species abruptly changes at the diopside congruent 

point. Q2 increases whereas Q3 and Q0 decreases, indicating a polymerization of the melt. The 
change in slope of the Q2, Q3, and Q0 is in the ratio of 3:2:1, supporting the equilibria expressed 
in eq. (3). The equilibrium constants in eq (3) can be calculated and correlated to the degree of 
depolymerization as Mysen suggested6. 

 

     (4) 

 
Degree of depolymerization, lnK decreases abruptly after the diopside congruent point 

implying polymerization of the melt.  
 

  
 

Fig. 6.  (a) Raman spectra of CaSiO3-MgSiO3 melts (b) Fig. 7 Qn unit population and 
calculated lnK in (100-x)CaSiO3-xMgSiO3 melts. It is notable that the slope of Q0 change is 

1/3 of that of Q2 and half of that of Q3, corresponding with results of Virgo et al.[23,24] 

506



 
The abrupt change in melt dynamic measurements of stability function, liquid fragility, and 

configurational and topological entropies are organized in Fig. 8[24]. Liquid fragility and 
entropies are acquired from the temperature dependence of viscosity whereas the stability 
function is calculated as Eq (5): 

 

    (5) 

 
 

 
Fig. 7. Configurational and topological entropies, degree of depolymerization, liquid 

fragility, and stability function of CaSiO3-MgSiO3 melts at 1873K [24] 
 

Conclusions 
 

In this work is performed the mutual measurement of the electrical conductivity and viscosity 
of CaO-MgO-SiO2 melts combined with Raman spectroscopic analysis to elucidate the cationic 
effect on the properties and structure of the melt. From the findings, followings are concluded: 

(1) The effect of the cationic radius on the electrical conductivity and viscosity shows the 
antithetic trend in polymerized and depolymerized melts. In depolymerized melts, the 
electrostatic interaction energy dominates the strain field distortion energy leaving larger ions 
easier to migrate. In polymerized melts, however, the overall activation energy of ionic 
migration is solely dependent of strain field distortion energy thus the smaller ions are easier 
to move. Such a postulation is assured by the application of Walden plot. 

(2) Structure and properties in depolymerized melts are concluded to be dependent of phase 
equilibria. The structural change at the congruent composition is confirmed by deconvolution 
of Raman spectra. The stability function is suggested to expect such a change from calcium 
silicate to magnesium silicate melt. 
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Abstract

Iron oxide slags play a critical role in both ferrous and non-ferrous metallurgical pro-
cesses. The relative abundance of FeO and Fe2O3 will determine the slag oxidation potential
and influence transport properties, which makes an accurate prediction of their proportions
crucial to process operations. The nature of the iron oxide structures in the liquid slag has
been a long standing issue, which is in part related to the variety of structural species that
can be formulated to accommodate the observed property changes. In this study, spectro-
scopic data is used to clarify the dual structural behaviour of both ferric and ferrous iron
oxide. The identified oxide structures are shown to have characteristic effects on the thermo-
dynamic properties and viscosity of Na2O-CaO-SiO2-FeO-Fe2O3 melts. These insights into
the structural behaviour of iron oxide and its composition dependence can also improve the
mathematical modelling of these properties.

Introduction

Iron oxide slags are abundantly used in ferrous and non-ferrous extractive metallurgy
and play a critical role in the control of these processes. Besides FeO and Fe2O3, a slag
typically contains CaO, SiO2, MgO, Al2O3 and a range of oxides in minor concentrations.
These oxides are often classified in terms of ”acids” and ”bases”, based on the effect their
addition has on various thermodynamic and physical properties of the slag. Acidic oxides
(e.g. SiO2) form strong covalent bonds with oxygen and are classified as network-forming
oxides because of their ability to form a polymer structure in the melt. Basic oxides (e.g.
Na2O and CaO) readily dissociate upon dissolution to donate their oxide anion to the melt
(an acid-base reaction) and are network-modifying oxides i.e. they will interact with the
silicate network and effectively disrupt the otherwise continuous network. Oxides such as
Al2O3 and Fe2O3 (and for the purpose of this discussion also FeO) fall in the centre of this
acid-base range and are classified as amphoteric oxides as their behaviour as an acid or a
base will depend on the composition of the melt.
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The behaviour of ferrous (Fe2+) and ferric (Fe3+) iron oxide in the slag of interest
is not always straightforward. The possibility of ferrous and ferric to coexist under a va-
riety of conditions [1] makes that the properties of iron oxide-containing melts exhibit a
complex dependence on the composition. Combined with the already difficult experimental
conditions, this created the situation that aspects of the structure and physical properties
of iron-containing liquid oxides have not been fully explored. Based on an extensive review
of the structure and properties of iron-containing melts relevant to petrological processes,
Mysen and Richet [1] classified ferric iron as a weak analogue to aluminium and mainly a
network-forming oxide.

Due to their different affinity for oxygen, the oxygen coordination of acidic and basic
oxides will typically differ. The basic structural unit for the acidic oxide SiO2 is a tetrahedral
coordination with oxygen. Basic oxides have a weaker bond with oxygen and will typically
have a higher (octahedral) oxygen coordination [1–3]. The typical amphoteric oxides Al3+

and Fe3+ can have both a tetrahedral (Al3+(IV)) and octahedral (Al3+(VI)) coordination.1

The existence of Al3+(IV) and Fe3+(IV) as [AlO2]
− and [FeO2]

− anions requires its remaining
charge to be compensated by another cation. The ability to charge balance such an anion
is often correlated with the cation field strength, which identifies alkali cations (low Z/r2)
as very effective for this purpose [1, 2] and recent thermodynamic modelling accounts for
the possible formation of NaFeO2 clusters in the melt [4, 5], analogous to the (previously
implemented) NaAlO2 [6]. In cases where insufficient alkali cations are present to act as
a charge-balancing cation, part of the amphoteric oxides typically take up a higher oxygen
coordination.

The formation of ferric anions as part of the melt structure in the presence of only
alkaline earth cations is less evident, but has often been deduced from observed variations
of the physical properties [7–9] and experimentally confirmed with Mössbauer spectroscopy
on metallurgical slags [10, 11]. Such different structural arrangements of the iron oxides
will have an effect on various thermodynamic and physical properties, with the largest effect
typically expected for the viscosity. However, Mills and Keene [12] concluded from the data
of Seki and Oeters [9] that ”Fe2O3/FeO does not have an appreciable effect on the viscosity”
and suggested that its behaviour is more like a network modifier. This view and the one
of Mysen and Richet [1] on the behaviour of ferric iron in silicate melts cannot be more
contrasting and originates from the predominant conditions in petrology (fully oxidised)
and ferrous metallurgy (iron saturation). In steelmaking, the iron saturation condition will
not prevent the existence of ferric iron, though it will keep its contents and any specific
influence low, making its specific behaviour less relevant. However, in the more oxidising
conditions in non-ferrous metallurgical processes the structural behaviour of the iron oxides
will become important and have an effect on the evolution of various thermodynamic and
physical properties between the conditions of iron saturation and equilibration in air.

1Our use of IV and VI to indicate tetrahedral and octahedral oxygen coordination by no means implies
that only these two coordinations can exist. It simply follows current conventions and is indicative of the
fact that the low oxygen coordination will tend to approach four, while the other will be a higher oxygen
coordination, for the oxides considered here.
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In this paper the CaO-SiO2-FeO-Fe2O3 system is used as case example of pyromet-
allurgical slag. The Na2O-SiO2-FeO-Fe2O3 is used for comparison and as a starting point,
as some of its physical property variations and structural features are more prominent and
more extensively characterised due to its importance for petrological processes.

Thermodynamics of the Iron Oxidation Reaction

The relative abundance of FeO and Fe2O3 in a slag can be expressed by the iron redox
ratio Fe3+/Fe2+, which will have a fixed value for a given set of conditions. The interpretation
of the effect of any variable condition is sensitive to the formulation of the iron oxidation
equation, which in this work is formulated as

FeO +
1

4
O2 = FeO1.5 (1)

Alternative formulations include the use of Fe2O3 and wüstite [13]. The equilibrium condition
of this reaction is given by

K = exp
(
− ΔG◦

RT

)
=

aFeO1.5

aFeO

(
1

PO2

)1/4

(2)

log
(
Fe3+

Fe2+

)
≡ log

(
XFeO1.5

XFeO

)
=

1

4
logPO2 + logK − log

(
γFeO1.5

γFeO

)
(3)

For an ideal system the redox equilibrium would be independent of the composition of the
melt. However, even for simple systems this assumption of ideal behaviour does not hold
[14] and the activity coefficient ratio needs to be accounted for.

The ratio of the activity coefficients is the term that is typically difficult to capture in
terms of melt composition, which led to the development of a wide variety of models. Bowker
et al. [10] deduced that the effect of both temperature and oxygen partial pressure on this
ratio is limited. On the other hand, the effect of the composition is significant, especially on
γFeO1.5 [15], consistent with the primary focus of a number of empirical models proposed for
complex natural melts [13, 16–18]. These models are all based on a linear formulation for
the ratio of the activity coefficients

log
(
γFeO1.5

γFeO

)
=

∑
i

aiXi (4)

This linear formulation puts restrictions on their applicability range and gives an apparent
enthalpy of the oxidation reaction (Eq. 1) that is dependent on the data set, or equivalently,
gives different enthalpies for each composition class [18]. A more fruitful approach is to use
more realistic variables, resembling the structure of the melt (see e.g. Mysen [19]), but this
requires more accurate knowledge on the structural behaviour of the iron oxides.
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Structural Characteristics of Iron Oxides

57Fe Mössbauer spectroscopy is a typical method to investigate the local structure
around iron cations in silicate melts [1, 10]. The characterisation of the spectra in terms of
the isotropic shift (IS) and quadruple splitting (QS) is used to distinguish between different
oxidation states and oxygen coordination. While there is a general agreement that the
spectroscopic results indicate the presence of Fe3+(IV), Fe3+(VI) and Fe2+(VI), the existence
of Fe2+(IV) in silicate melts is still controversial [1, 10, 20]. However, the bulk of the
compositions evaluated by Mysen and Richet [1] constitute oxidised magmatic melts and a
second ferrous iron coordination Fe2+(IV) in these melts is likely not present in sufficient
quantities to be detected.

The higher cation field strength of CaO is indicative of its reduced ability to stabilize
Fe3+ in tetrahedral coordination [1] and both Fe3+(IV) and Fe3+(VI) are typically present
in the CaO-SiO2-FeO-Fe2O3 system [10, 11, 21, 22]. This is consistent with the view that
Na2O is more effective in stabilising the ferric iron anions and leading to an increase in the
iron oxidation state compared to a (charge-)equivalent amount of CaO.

Evidence for the existence of Fe2+(IV) has been obtained from X-ray spectroscopy un-
der reducing conditions [23–25]. However, some X-ray techniques cannot strictly distinguish
between a tetrahedral site and a distorted octahedral site e.g. a highly-distorted site might
yield similar EXAFS results. In contrast, Mössbauer spectroscopy would yield a shift in the
spectra [23] and the asymmetry of the Fe2+ Mössbauer peak can indicate the presence of
two distinctive sites for ferrous iron cations [20]. Further indirect evidence for the existence
of Fe2+(IV) are recent density measurements in the CaO-FeO-SiO2 system [26].

The Amphoteric Character of Iron Oxides

Regardless of the particular behaviour of FeO and the compositions to which its ex-
pected acidic behaviour might apply, it is important to consider the amphoteric character of
ferric iron in the thermodynamic modelling of slags. The acid and basic dissolution reaction
of ferric iron can be represented by [27]

FeO1.5 +
1

2
O2− = FeO−

2 (acid) (5)

FeO1.5 = Fe3+ +
3

2
O2− (base) (6)

Each reaction will dominate in a specific composition range. An example is the variation
of the iron redox ratio as a function of a single compositional parameter (optical basicity),
shows opposing trends in basic and acidic slags [28].

While a distinction is made between the possible tetrahedral and octahedral coordina-
tion (sub-lattices) of ferrous and ferric iron oxide in thermodynamic modelling of the spinel
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structure [29], no such explicit distinction (or analogously, the possibility of [CaFeO2]
+ clus-

ters) is included for the liquid state. However, the optimised parameters do indicate a strong
second-nearest-neighbour pairing of Ca2+ and Fe3+ [29].

Oxidation Effect on Melt Viscosity

A number of slag viscosity models do not take into account a (possibly very) different
behaviour of Fe2+ and Fe3+ in terms of their effect on the viscosity [30] and adhere to the
idea that ferric iron does not influence the viscosity of steelmaking slags [3]. As argued
above, from a structural point-of-view, such assumptions are not generally valid and it will
be illustrated here that an effect of Fe3+(IV) is discernible in the viscosity.

The effect of the iron oxidation state on the (natural logarithm of the) viscosity of
various iron oxide melts with alkali and alkaline earth oxides are illustrated in Figure 1.
It demonstrates that also alkaline earth oxide systems exhibit a viscosity increase. Two
compositions from Seki and Oeters [9] (their samples 8 and 18) have also been included, but
due to the limited range no conclusion can be draw concerning any effect of the oxidation
state of the slag on the melt viscosity in the CaO-SiO2-FeO-Fe2O3 system. However, among
the alkali and alkaline earth oxides displayed in the graph, CaO has the highest cation field
strength. Therefore, the stabilisation of Fe3+(IV) and subsequent oxidation effect on the
viscosity (if any) is expected to be the smallest in this system.

Figure 1: Increase in melt viscosity as a function of the fraction Fe3+/FeTot for the systems
Na2O-SiO2-FeO-Fe2O3 (D87AC;F40)[31], SrO-SiO2-FeO-Fe2O3 (D91S)[32], BaO-SiO2-FeO-
Fe2O3 (D91B)[32], Rb2O-SiO2-FeO-Fe2O3 (D91R)[32], K2O-SiO2-FeO-Fe2O3 (D91K)[32] and
CaO-SiO2-FeO-Fe2O3 (S84A;B)[9].
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Similarly to the structural considerations, petrological viscosity models [33] have incor-
porated the strong effect of a charge-balanced Fe3+(IV), but have left out the much weaker
effect of ferrous iron and Fe3+(VI) based on the limited relevance to their compositions of
interest. This again points out the contrasting view and conditions in the two fields. A more
nuanced solution has recently emerged; the possibility of NaFeO4 clusters in the melt, and
therefore their effect on viscosity, has been taken into account in viscosity modelling linked
to the Modified Quasi-Chemical (thermodynamic) Model [34].

Conclusions

An evaluation of structural information on iron oxide coordination in slag revealed that
for compositions relevant to the metallurgical industries a high and a low oxygen coordina-
tion can exist for both Fe3+ and Fe2+ under conditions more oxidising than iron saturation.
It is suggested that these structural changes are at the origin of non-linear terms in ther-
modynamics modelling of such melts. Moreover, the significant effect of the oxidation state
of the slag on its viscosity is illustrated, but the results also show that the effect might be
limited in the absence of an oxide more basic than CaO.
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Abstract 

Borosilicate glass is used in mixture of high-level radioactive waste (HLW) generated by 
nuclear spent fuel. Thermophysical property data of borosilicate melts in molten state during 
processing of HLW were studied to investigate a possibility of a simpler and flexible process for 
immobilisation of high level wastes. Especially, these data are indispensable information to 
optimize the process of the temperature distribution in the glass melting furnace. In this study, the 
thermal effusivity of B2O3-CaO-SiO2 melt was measured using a front heating-front detection laser 
flash method. The thermal conductivity was evaluated by combining the measured thermal 
effusivity data with specific heat capacity and density. In these results, the thermal conductivity of 
CaO-B2O3-SiO2 melt was increased with temperature. 

Introduction 

The long-term hazards of radioactive waste arising from nuclear energy production are a topic 
of serious discussion and a matter of public concern. High-level radioactive wastes (HLW) 
produced by a spent fuel reprocessing containing fission products and actinides must be 
immobilized in highly durable solid matrices. Borosilicate glass is a candidate materials for the 
immobilization of HLW due to its good glass-forming ability, chemical durability, radiation 
stability, and so on [1]. In these backgrounds, it is important to clarify the thermal conductivities 
of borosilicate melts as the indispensable basic information to optimize the process of the 
temperature distribution in the glass melting furnace. Recently, Hasegawa et al. measured the 
thermal conductivities of silicate melts for Al2O3-CaO-Na2O-SiO2 [2]. However, there are few 
experimental data for the thermal conductivities of silicate melts due to the experimental difficulty. 

In this study, the authors prepared borosilicate glass sample of B2O3-CaO-SiO2. Thermal 
effusivity of the borosilicate melt was measured by the front heating-front detection laser flash 
method. The thermal conductivity was evaluated by combining the present thermal effusivity data 
with specific heat capacity and density. Furthermore, the temperature and concentration 
dependences of the thermal conductivity were evaluated from the experiment results. 
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Experimental 

A. Principle of Thermal Conductivity Measurement 

A schematic diagram of the platinum crucible employed in this work is shown in Fig. 1. A 
single laser pulse was flashed on the bottom of the platinum crucible containing borosilicate melt 
sample, and the rate of temperature decay at the same surface after pulse heating was measured by 
an infrared detector. From information of the rate, the thermal conductivities of the melt sample 
were determined. In the time region immediately after pulse heating, conductive heat transfer is 
dominant because the temperature gradient in the melt samples in the vicinity of bottom is steep. 
The effect of radiative heat flow from the bottom surface of the crucible on the temperature 
response is relatively insignificant compared with conductive heat flux driven by the gradient [3]. 
It is also noted that measurement in a short initial time region is preferable to avoid the onset of 
convection in the liquid layer. The upper part of the crucible was open so that bubbles could be 
released from this side. Theoretical temperature decay was determined under the following 
conditions: 
(a) The system is kept in thermal equilibrium before laser irradiation. 
(b) The heat flow is one dimensional. 
(c) The melt layer is semi-infinite. 

The temperature decay  can be given by 
   [1] 

   [2] 

where , , , and  are the maximum temperature rise of the temperature response, the 
specific heat capacity, density, the thermal effusivity, and the thickness of platinum plate, 
respectively. The subscripts d and s indicate the platinum and the sample, respectively. Here, time 
 is defined as the elapsed time after irradiating a laser pulse. The values of  and in Eq. [1] can 

be estimated by least-square fitting of the measured temperature decay to theoretical temperature 
response. The thermal diffusivity value of the sample liquid  is easily obtained from the 
following simple equation with respect to thermal effusivity :

   [3] 
The thermal conductivity is also obtained from the following relation (Eq. [4]). 

   [4] 

Fig. 1 Schematic diagram of the cell of front-heating front-ditection initial method. 
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B. Materials of borosilicate 

The materials used in current work were B2O3, SiO2, and CaCO3 manufactured by Kanto 
Chemical (Tokyo, Japan). The purities of the used materials were more than 99.9 mass% for B2O3,
SiO2, and CaO, respectively. The synthetic borosilicate samples were then prepared by mixing in 
desired quantities of powders of each chemical. The mixed samples were calcined in order to 
decompose carbonate or any hydroxide present, and then they were melted at 150 K higher than 
its liquidus for 60 minutes in a platinum crucible by muffle furnace [4]. The molten sample was 
quenched at room temperature and crashed into small pieces in order to introduce into a platinum 
crucible to facilitate the subsequent melting in the heating chamber of the laser-flash apparatus. 
Chemical composition of B2O3-CaO-SiO2 was 20mol%B2O3-30mol%CaO-50mol%SiO2.

C. Apparatus of Thermal Conductivity Measurement 

Fig. 2 shows the apparatus has been described elsewhere in detail about the method [5]. The 
essential point is shown in this article. The platinum crucible filled with melt as shown in Fig. 1 
was placed on an alumina pedestal. The platinum crucible was 0.2 mm thick, 5 mm deep, and 20 
mm in diameter. In order to avoid the effect of the steady-state convection, thin sample was located 
in the center of the heater. The thickness of the melt sample was 2 to 3 mm. The crucible was put 
into a heating chamber with kanthal super heating elements. The bottom surface of the crucible 
was flashed by a Nd-glass laser 10 J, 1060 nm emission wavelength. The InSb infrared detector, 
1.2 to 5.5 mm effective wavelengths, was focused onto the bottom surface of the crucible. A 
charge-coupled device image sensor monitored the sample liquid through the quartz window on 

Fig. 2 Schematic diagram of the front-heating front-detection laser flash apparatus. 
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the top of the chamber. A high-speed electronic circuit system was employed to measure the rapid 
temperature decay by heat transfer to the melt sample immediately after pulse irradiation. The 
initial time region of temperature decay was used to avoid the effect of radiative heat transfer of 
the melts. The use of the initial time region can also avoid the effect of the transient convection 
occurred by the heating of the melt sample in the vicinity of the bottom of the cell of the laser 
pulse [3]. Since the measurement was just over in an instant, which was approximately 12 ms, 
before the transient convection occurred, the effect of the transient convection can be avoid. 

All data were measured under atmospheric conditions. The overall errors of thermal 
conductivity measured by this apparatus has been estimated less than ± 6 % [5]. 

D. Procedure 

The borosilicate melt samples were thermally equilibrated at each measurement temperature 
before the data acquisition. The detail information of procedure is mentioned in Ref. [6]. Ten sets 
of temperature response curves were measured and accumulated to obtain one temperature curve 
in order to reduce noise ratio to signal. The temperature of the bottom surface of the crucible 
instantaneously increases by irradiation of a laser pulse and decreases depending on thermal 
conductivity of the sample. The values of h were obtained by fitting Eq. [1] to the measured 
temperature response curves. The solid line denotes the values derived from Eq. [1] by fitting the 
equation to the measured temperature response. Then the thermal conductivity values were 
estimated from Eq. [2]. The values of specific heat capacities and densities of platinum are 
estimated in the temperature range investigated from reference data [7]. These data are also 
extended to a higher temperature by using a linear extrapolation as a function of temperature. 

The specific heat capacity and density of the 20mol%B2O3-30mol%CaO-50mol%SiO2

sample are 1.02x103 Jkg-1K-1 and 2.79x103 kgm-3, respectively. The specific heat capacities were 
evaluated from the Neumann-Kopp’s law. The densities were measured using Archimedes’ 
principle at room temperature in glassy state. 

Results and discussion 

The thermal conductivities of the 20mol%B2O3-30mol%CaO-50mol%SiO2 melt sample 
together with those of R2O(R=Li, Na, K)-CaO-SiO2 melt samples [8] are  shown in Fig. 3. The 
thermal conduction of silicate melts depend on the bridging oxygen consisted of the SiO4

tetrahedral network. In the case of R2O-CaO-SiO2 melt samples, the ion of R+ acts as network 
modifier. On the other hand, in the case of the B2O3-CaO-SiO2 melt sample, the ion of B3+ acts as 
network former. The thermal conductivity of the B2O3-CaO-SiO2 melt sample is higher than those 
of R2O-CaO-SiO2 melt samples since the silicate network frame could be path of heat conduction. 
Recently, Y. Kim et al. measured the thermal conductivities of B2O3, B2O3-SiO2, and Na2O-B2O3-
SiO2 melts by the Hot-wire method [9,10]. The thermal conductivities of the 20mol%B2O3-
30mol%CaO-50mol%SiO2 melt sample are higher than those of the B2O3, B2O3-SiO2, and Na2O-
B2O3-SiO2 melts. It can be presumed that 30mol%CaO promote the increase the thermal 
conductivity. It was also found that the obtained thermal conductivity increased with temperature. 
Although the positive temperature dependency would need more investigation in future, it might 
be noted that the characteristic of borosilicate malts is slightly different from that of other silicate 
melts.  
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Abstract 
MgCl2-containing salt is one of the candidates for the solar thermal energy storage 

applications. To protect the structural alloy from corrosion, the addition of Mg to salt as a 
corrosion inhibitor is considered. Melting point, heat capacity, enthalpy, entropy and Gibbs 
energy of MgCl2 with different amount of Mg are studied in this paper. Depression of melting 
point is calculated using a derivation of Raoul-Van’t Hoff formula. The MgCl2 rich phase 
diagram is constructed. The MgCl2 with a small amount of Mg addition shows no significant 
effect on melting point of the salt mixture. Moreover, it can be a candidate as heat transferring 
fluid for MgCl2 in solar thermal energy storage applications. 

Introduction 
From the reports of Oak Ridge National Lab (ORNL), molten salts are used in the nuclear 

industry started with Aircraft Reactor Experiment (ARE) in 1949. Even the heat capacity of 
carbonate and nitrate salts are higher [1, 2], for the high-temperature service, the initial 
consideration of the molten salt is fluoride salt even in the later program, Molten Salt Reactor 
Experiment for the nuclear application [3, 4]. At the same time of ARE, chloride salts were 
studied in Brookhaven National Laboratory including the investigation of corrosion of structural 
materials [5]. Nowadays, molten salts have been not only used in the nuclear application but also 
considered as a candidate for thermal energy storage media in solar energy applications [6]. 
Although fluoride salts show better thermal properties compared with chloride salts, chloride 
salts are less corrosive to the structural alloys. At 850oC for 500hrs corrosion experiment, the 
corrosion rate of 800H alloy is 11mg/cm2 in KCl-MgCl2. However, the corrosion rate is more 
than 20mg/cm2 in FLiNaK [4]. Moreover, as MgCl2-containing salt presents less expensive than 
LiCl-containing salt [3], KCl-MgCl2 has been used for the secondary process in nuclear 
applications [7]. However, individual salt like MgCl2 is much cheaper than binary salt KCl-
MgCl2. Moreover, they both show the similar heat capacity, viscosity, and thermal conductivity 
[3]. Thus, MgCl2 molten salt could be the candidate as thermal energy storage media. And Heine 
[8] has studied MgCl2 molten salt at 760oC to find a proper heat storage material. However, 
corrosion problem still exists. Addition of inhibitor like Zr [9] and Y [10] to FLiNaK molten salt 
showed good ability in protecting alloys from further corrosion. Therefore, the addition of active 
metal in MgCl2 may be a useful method of retarding corrosion. Mg is always selected as one of 
the proper inhibitors for numerous alloys corrosion in the severe environment [11]. Hence, it 
could be also considered as a proper inhibitor in protecting or retarding alloys corrosion in 
MgCl2 molten salt. Reaction (1) is taking place as Mg is added into the MgCl2, showing the 
mechanism of Mg in protecting alloys, which exerts a continuous interest in the investigation of 
Mg as an inhibitor in the molten salt.  

                                                    (1) 
Many studies have shown that the corrosion of alloys can be inhibited when Mg is added to the 
molten salts at high temperatures. However, less attention has been paid to the effect on melting 
point and heat capacity of MgCl2 after adding Mg inhibitor. Before choosing Mg as the proper 
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inhibitor in MgCl2, the effect on thermal properties of molten salt has to be taken into account 
[12]. Therefore, the investigation of change in the thermal properties of MgCl2 molten salt with 
the addition of Mg inhibitor is of not only practical but also theoretical interest. The present work 
attempts to establish the suitability of Mg as an inhibitor for the alloys corrosion in MgCl2 
molten salt. From this point of view, melting point, heat capacity, enthalpy, entropy, and Gibbs 
energy after adding different amounts of Mg in MgCl2 molten salt are studied in this article. 
1. Calculations  

Thermal properties of the mixture (MgCl2 with different mole% Mg) are predicted using 
the mixing rule, which requires thermal properties of MgCl2 and Mg. However, the melting point 
is calculated from the derivation of van’t Hoff-Raoult formula shown in equation (2): 

       (2) 

where Keq is equilibrium constant, ΔH is standard enthalpy change in kJ/mol, T is the temperature 
in K and R is universal gas constant. 
1.1. Melting point calculation 
An ideal solute has no effect on the enthalpy of the solution because the enthalpy of mixing is 
zero. A change in entropy arises due to the introduction of small amount of disordered solute in 
the pure solvent. As a result, the physical properties, such as the melting point, of the solution is 
expected to change. For a given solution, the increase in disorderness is independent of the 
solutes type, i.e., only the number of the solute particles not the chemical properties of solute 
effects the melting point [13]. 
Van’t Hoff-Raoult formula of equation (2) is used to determine the effect of solute on melting 
point of solution (ignoring physical properties of solute)  since the equilibrium constant is a 
function of the temperature. The van’t Hoff-Raoult formula can be rearranged to give equation 
(3): 

      (3) 

Integration of equation (3) on temperature gives equation (4): 

     (4) 

The change in melting point of MgCl2 is observed with the addition of Mg, thus, K is 
equilibrium constant of the MgCl2 solution. For the pure solvent of MgCl2, K1 is equal to 1, and 
T1 is melting point of pure MgCl2, which is 987.15 K. The equilibrium constant K2 is equal to the 
activity of MgCl2 in the MgCl2–Mg solution, which is given as: 

       (5) 
where  is the concentration of MgCl2, and  is the activity coefficient of MgCl2. As the 
concentration of Mg is very small in the solution,  is assumed to be 1 (from Raoult’s Law). 
Thus, the equilibrium constant is assumed to be equal to the concentration of MgCl2. At melting 
point,  is considered to be the enthalpy of fusion, which is 43100 J/mol for MgCl2 [14].  

              (6) 
where  is the depressed melting temperature, T1 is initial melting point of pure compound 
(it is written as Tm in equation 7), T2 is the melting point of solution after adding solute. 
Therefore, by substituting equation (6) in the equation (4), we can obtain the formula (7): 

      (7) 
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Tm is melting point of pure compound,  is the heat of fusion, K2 is the activity of MgCl2 in 
the MgCl2–Mg solution. 
The maximum concentration of Mg in the solution for the liquid monotectic point is 0.2 mol% of 
Mg [15], thus all parameters are known for the calculation of ΔTdep.  
1.2. Calculation for heat capacity of mixture 

By ignoring the contribution from the slight amount of Mg solute in MgCl2 on properties, 
the mixture is assumed as two separate compounds. Hence, the simple mixing rule of equation 
(8) is used to predict the heat capacity, enthalpy, density and other thermal properties of the 
MgCl2-Mg system. 

     (8) 
where P is thermal properties of materials and x is mole fraction for each compound, and n is 
taken as 1 for all the properties calculation. 
Heat capacity varies with the temperature and the standard enthalpy and entropy at 298.15 K of 
MgCl2 and Mg required for the calculations are obtained from the database of thermodynamic 
modeling software. Using the equations (9-11) and mixing rule of equation (8) with n equal to 1, 
enthalpy, entropy and Gibbs energy varying with temperature (298.15 - 1273.15 K) is calculated 
for the MgCl2-Mg system.  

      (9) 

      (10) 

      (11) 
The heat capacity data for the MgCl2 and Mg in the temperature range of 298.15-1273.15K are 
obtained from thermodynamic modeling. The fitting equations are listed in Equation. (12-15). 

            
Temperature range: 298-987K                                                                                                    (12) 

                                        
 Temperature range: 987-2900K                                                                                                 (13) 

                
Temperature range: 923-987K                                                                                                    (14) 

  
Temperature range: 923-1361K                                                                                                  (15) 
2. Results and discussion  
2.1. Effect of Mg on melting temperature  

The van’t Hoff-Raoult formula is evaluated by calculating the melting point depression of 
other chloride salts and comparing them with actual melting point depression of MgCl2-Mg 
system. The experimental data of melting point, the heat of fusion of pure salts, and the 
monotectic points of different chloride salt-metal systems are obtained from literature [15, 
16].The calculations are performed using derivation from van’t Hoff-Raoult formula (6), and the 
detail results are shown in Table 1.  

Table 1 Depression of melting point of several chloride salts compared with experimental data 

Salt 
system 

ΔHfus 

(J/mol) 
Melting 

point (K) 
Monotectic point 

(conc. of salt) 
coefficient 

ϒ 
Depression(K) Reference 

     Calc. Expt.  
NaCl-Na 28160 1074.15 0.979 1 7.23 7 [11] 
KCl-K 26530 1044.65 0.895 1 37.94 20 [11] 

BaCl2-Ba 15850 1235.15 0.85 1 130.1 72 [11] 
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The prediction of depression for NaCl-Na system is comparable to the experimental values of the 
chloride salts. However, assuming coefficient to be one is only available when the solution 
follows Roult’s law as the concentration of metal in salt is slight enough. As the concentration of 
the respected metal is too much in the solution (K is 0.105 and Ba is 0.15), the contribution of 
coefficient will be significant to the depression of melting point. The comparable depression of 
melting point is calculated using different coefficient to verify the reasonable coefficient in a real 
solution. Furthermore, the corresponding depression on the coefficients are listed in Table 2.  

Table 2 Comparable depression of several chloride salts with respected coefficient 

Salt system ΔHfus 
(J/mol) 

Melting 
point (K) 

Monotectic point 
(conc. of salt) 

coefficient Depression (K) Reference 

     Calc. Expt.  
NaCl-Na 28160 1074.15 0.979 1 7.23 7 [3] 

KCl-K 26530 1044.65 0.895 1.05 20.7 20 [3] 
BaCl2-Ba 15850 1235.15 0.85 1.07 71.1 72 [3] 

 
Evidently, the coefficients are close to unity (1 - 1.07) for both the systems, which is reasonable 
for all real solid solutions. However, as a liquid monotectic point of Mg in MgCl2 is 0.002 [15], 
the presence of trace amount of Mg in the solution indicates that MgCl2-Mg mixture follows 
Roult’s law. In which case, the coefficient is assumed to be 1 for all the melting point depression 
calculations. When 0.002 mole Mg (liquid monotectic point) is added into 1 mole MgCl2, 
melting point depression of 0.38 K is obtained for the system. Additionally, the slight decrease in 
melting point with Mg addition to MgCl2 is reasonable. 
As the mole fraction of Mg in MgCl2 increases to 0.009, the melting temperature also increases 
to 800 oC [15]. For simplification, linear increase or decrease of melting point with increasing 
amount of Mg is assumed. Thus, the partial phase diagrams of the MgCl2-Mg system is 
constructed in Figure 1 & 2. From Figure 1 & 2, the slight depression with addition Mg solute to 
the MgCl2 salt shows a negligible effect on thermal properties of the system. 

 
Figure 1 Partial phase diagram of MgCl2-Mg, S1 is solid of MgCl2, L2 is liquid of Mg and L is liquid con-

solute by MgCl2 and Mg 
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Figure 2 Partial phase diagram of MgCl2-Mg with 0.004 x-axis scale, S1 is solid of MgCl2, L2 is liquid of 

Mg and L is liquid con-solution of MgCl2 and Mg 

2.2. Effect of Mg on heat capacity and respected enthalpy, entropy and Gibbs energy  
By using mixing rule, the heat capacity of MgCl2 without and with different amount of Mg is 
shown in Figure 3 calculated with the linear mixing rule.  

 
Figure 3 Heat capacity of MgCl2 without and with different amount of Mg 

As heat capacity of Mg is lower than that of MgCl2 in the temperature range, the addition of Mg 
to MgCl2 slightly decreases the heat capacity of MgCl2. In addition, the solution is melted to a 
liquid phase after 987K. As shown in equation (13) and (15), increased temperature results in the 
decrease of the heat capacity of the mixture. One essential criterion of heat storage media is high 
heat capacity, and a tolerable decline in the heat capacity at high temperatures do not worsen the 
chances of the mixture as media for the heat storage applications. 
As discussed previously in equations (9) to (15), the integration of function containing the heat 
capacity term gives both change in enthalpy and entropy for a particular temperature range. 
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Therefore, known the standard enthalpy and entropy at 987K, enthalpy and entropy of the 
mixture at different temperatures are calculated and shown in Figure 4 & 5.  

 
Figure 4 Enthalpy of MgCl2 without and with different amount of Mg 

 

Figure 5 Entropy of MgCl2 without and with different amount of Mg 

As shown in Figure 4, the change in enthalpy of the mixture and pure MgCl2 increases with the 
rise in temperature. Similarly, a significant increment in a change in the enthalpy is also 
observed with more amounts of Mg added to MgCl2 salt. As shown in Figure 5, the change in the 
entropy shows a similar increase with the increase in the temperature. However, a slight decrease 
in the change in entropy of the salts is observed with the increase in the content of Mg in the 
MgCl2 salts. As shown in Figure 6, by knowing the changes in the enthalpy and entropy, the 
change in Gibbs energy for the mixtures are calculated at different temperatures. The change in 
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the Gibbs energy of the mixture increases with the amount of Mg added to MgCl2 salt, and the 
negative values of the change in Gibbs energy indicate that the systems are stable at higher 
temperatures.    

 
Figure 6 Gibbs energy of MgCl2 without and with different amount of Mg 

3. Conclusions  
The melting point of the mixture of MgCl2 and Mg slightly decreases while compared to 

the pure MgCl2 salt. That is concluded from the calculation derived from van’t Hoff-Raoult 
formula, and the decrease in melting temperature is 0.38 K at 0.2 mol% of Mg addition to the 
MgCl2 salt. 
The calculations on heat capacity, entropy, enthalpy and Gibbs energy reveal that Mg solute does 
not worsen the stability of MgCl2 salt or deteriorate the candidate of MgCl2-Mg as heat storage 
media. 
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Abstract 

In view of the nature of heterogeneous reaction of many materials processes, great attention has 
been paid to the reaction interfaces. Very often, the interfacial tension is given the foremost 
importance in the study of interfaces in general and slag-metal reactions in particular. As an 
example, the dependence of entrainment of ladle slag into liquid steel on interfacial tension has 
been the topic of many researchers.  

In the present work, the interface between liquid silicon and CaO-SiO2 slag and the interfacial 
reaction between silicon and graphite were studied experimentally to gain an insight into the 
impacts of chemical driving force and interfacial tension on the interfacial phenomena. The 
results strongly suggested that the chemical driving force could play dominating role in 
determining the interface, while the interfacial tension would only become important when the 
slag and metal were reaching equilibrium. Based on the experimental findings, the kinetics of the 
slag-metal reaction was discussed. Also, the possibility of the entrainment of ladle slag as a 
source of nonmetallic inclusions was evaluated.  The present study would like to draw 
researchers’ attention regarding the important role of Gibbs energy of the reaction at the interface 
in the interfacial phenomena and therefore getting an improved understanding of the reaction 
process. 

Introduction 

Slag-metal reactions and gas-metal reactions hold the key to successful steelmaking. The former 
plays also great role in silicon refining. Two-film and surface renewal models had been very 
popular in describing slag-metal reactions, before the computer became really available to 
researchers. However, they could only be applied to specific reactors under specific operating 
conditions, based on which the mass transfer coefficients are optimized. The lack of 
understanding of the slag/metal interface and the assumption of uniform concentration in the 
bulk are the foremost factors making the models unrealistic.  

It is commonly accepted that most chemical reactions reach thermodynamic equilibrium locally 
at steelmaking temperatures. To the knowledge of the present authors, the models describing the 
slag-metal reactions have all made this assumption.[1-4] While the models trying to simulate the 
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slag-metal interface[2-4] have shown good potential of simulating slag-metal interface, the real 
physical behavior of the slag-metal interface still need very careful study. 

Both the formation of inclusions by slag entrainment and inclusion separation to the slag have 
been discussed by many researchers. A number of publications have been devoted to the 
separation of inclusion removal to the top slag. The model developed at an early stage assumed 
that all inclusions reaching the interface between the steel and the slag would be separated from 
the steel.[5-7] Realizing the importance of interfacial energy and liquid metal film in the removal 
of inclusions to the slag, researchers have developed models taking these factors into 
consideration.[8-11] However, in all the modelling approaches, no chemical potential differences 
between the two phases have been taken into account.  

In connection with silicon refining, a number of studies have investigated the wettability and 
reaction of liquid silicon with different substrates, including graphite and vitreous carbon.[12-17] 

The open porosity of the graphite, surface roughness, and not the least, contact time have all 
been documented to greatly influence the “dynamic wetting” of liquid silicon on graphite. 
Although the variation of the contact angle with time has been well known, in process modelling 
and process optimization the importance has always been given to the interfacial energy. The 
present work focuses on a discussion regarding whether the chemical driving force has been 
overlooked when studying the interface and whether the interfacial energy has been given too 
much importance. The discussion is based on the experimental results obtained under well-
defined experimental conditions. 

Experimental

Two types of experiments were conducted, namely (1) interfacial reaction between slag and 
silicon metal, and (2) the wetting behavior of liquid silicon on carbon substrates. 

Interfacial reaction between slag and silicon  
The mixing crucibles and impellers were made of Mersen 2020 graphite. The impeller was 45 
mm high and 15 mm wide. The mixing crucible was fabricated by boring four 18-mm diameter 
holes into a graphite blank in such a manner as to create an internal volume with a quatrefoil 
profile. The resulting four vertical protrusions acted as baffles to prevent bulk rotation of the 
melt and consequent generate vortex. A schematic diagram of the setup is provided in Fig. 1, 
with the details of the crucible arrangement shown in (b). A description of the setup can be found 
in a previous publication.[18] A stirring motor was used to drive a graphite impeller that stirred 
the melt. The stirring motor and support tube were fastened to a motorized belt drive that 
allowed the vertical movement of the crucible assembly in and out of the hot zone of the furnace. 
To seal the moving mechanical components, radial shaft seals were used between the impeller 
shaft and support tube, and between the support tube and the cooling chamber. 

CaO–SiO2 slags, designated Slag A B, and C were prepared prior to the experiments by fusing 
high-purity fused silica and calcium oxide in a graphite crucible. The silicon was polycrystalline, 
semiconductor-grade purity. Boron was added either to the slag phase (in the form of SiB6) or to 
the metal phase (in the form of H3BO3) at an initial concentration of approximately 436 ppm. In 
preparation for each heat, 40 grams of silicon chips were placed in the bottom of the mixing 
crucible, and 40 grams of slag constituents were placed on the top. After placing the mixing 
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crucible into the holding 
crucible, the whole assembly 
was fastened onto the end of 
the stainless steel support tube. 
The impeller blade was 
lowered until it rested on the 
top of the material in the 
mixing crucible. The reaction 
tube was then sealed, evacuated 
and back-filled with argon. 
Thereafter a flow of argon gas 
(0.05 l min-1) was kept 
throughout the experiment.  
When the target temperature in 
the hot zone of the furnace was 
reached, the crucible assembly 
was lowered to rest at a 
position in the reaction tube at 
about 1573 K to preheat the 
crucible for 15 minutes to 

minimize thermal shock to the alumina reaction tube. The crucible assembly was then lowered 
into final position in the hot zone of the furnace. When the impeller was in position (10 mm 
above the bottom of the mixing crucible), the stirring motor was engaged (zero-time t = 0).

At the end of an experiment, the crucible assembly was rapidly retracted out of the furnace into 
the water-cooled quenching chamber by raising the stainless steel support tube with the 
motorized belt drive. A high flow of argon gas was immediately initiated to expedite quenching 
of the samples. Photographs and micrographs were taken of the crucible cross-sections.  

Interfacial phenomena between liquid silicon and carbon substrates 
The experimental apparatus was a high-temperature sessile drop apparatus as depicted in Fig. 2 
A detailed description can be found in a previous paper.[19] The main component of the setup was 
a horizontal tube furnace and an alumina reaction tube (70 mm 
inner diameter). The reaction tube was sealed with O-rings on 
its ends by an internally water-cooled quenching chamber on 
one end, and the other end had a water-cooled aluminum cap 
with a sealed quartz glass window. The reaction gas entered on 
the window end and exited the quenching chamber. A carriage 
made of graphite held the specimen in the hot zone of the 
furnace. The carriage was threaded onto a water-cooled 
pushrod (sealed with a packing). The pushrod was fastened to a 
motorized screw drive that enabled the precise positioning and 
movement of the specimen to reproducibly control heating rates. The measurement thermocouple 
was a Type C (W / W–5 % Re), and was mounted axially in the pushrod and carriage, with the 
tip inside the carriage body positioned directly under the substrate. A gas train prepared the 

Fig. 2 Experimental setup for
contact angle measurements
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Fig. 1 Experimental setup
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1. Tube furnace; 2. Alumina tube;
3. Water cooled quenching chamber;
4. O ring seal;
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reaction gas mixture when needed. High-purity argon gas was metered using a Bronkhorst mass 
flow meter (± 0.5 % accuracy).  

In preparation for each experiment, the silicon piece and the graphite substrate were first cleaned 
with ethanol and then placed on the carriage. The carriage was positioned in the quenching 
chamber, and the whole system was then sealed. The reaction tube was evacuated with a vacuum 
pump and back-filled with argon. To start the run, a flow of reaction gas and the furnace control 
sequence were initiated. The flow rate of the inlet gas was fixed at 0.02 l min-1. The temperature 
was ramped up to 1703 K (1430 °C) at 2 degrees per minute. The variation of the sample was 
followed by video recording. 

At the end of each experiment, the carriage was rapidly withdrawn from the furnace into the 
water-cooled quenching chamber by activating the mechanical drive. In some of the tests the 
specimens were quenched shortly after melting started, while in other tests the silicon was given 
time to completely wet the graphite substrate so that dynamic changes in infiltration could be 
observed. Still images were extracted from the video files.  

Results 

Interfacial reaction between slag and silicon
Figure 3 and Figures 4 show photographs of the crucible cross-sections for the heats where boron 
was added to the slag phase or metal phase, respectively. Note that mixing was stopped prior to 
quenching, and that the mixing conditions were kept constant in all the experiments. At short 
reaction times of t = 30 seconds and t = 60 seconds, (Figure 3(a) and (b), Figure 4(a) and (b), it 
can be seen with the naked eye that the interfacial boundary between the metal phase and slag 
phase is markedly irregular, and that there are countless small yet visible metal droplets 
entrained in the slag phase. By 300 seconds of reaction time (Fig. 3d and Fig. 4d ), the interface 
is smooth, and the slag phase color has transformed from grey to green. To show this aspect 

clearer, Fig. 5(a) and 5(b) show LOM micrographs at 50× magnification of the bulk slag phase at 
t = 30 s and t = 300 s. At 30 seconds reaction time, metal is finely dispersed in the slag phase as 

a) Heat 7, 30s b) Heat 8, 90s c) Heat 24, 180s d) Heat 6, 300s

Fig. 3 Changes in characteristics of slag–
metal interface, slag phase doped with boron

a) Heat 16, 30s b) Heat 17, 90s c) Heat 23, 180s d) Heat11, 300s

Fig. 4 Changes in characteristics of slag–
metal interface, metal phase doped with 
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irregularly formed droplets of varying size, indicting thereby that the interfacial area is very large 
at this stage. In contrast, under the same mixing conditions at t = 300 s (Fig. 5b), the slag phase 
is nearly devoid of metal droplets. Higher magnification (500x) reveals that only very tiny metal 
droplets less than 5 micrometers in diameter are left in the slag phase.  

Fig. 6 shows the change in boron concentration with increasing 
reaction time for the slag being doped with boron or the metal 
phase being doped with boron. In the case of boron addition 
into the metal phase, the concentration decreased exponentially 
and leveled out by about 300 seconds. When boron was added 
to the slag phase, the concentration in the metal phase increased 
and leveled out. Since the total amount of boron was added to 
the system was equal in each case, these two curves converge at 
300 seconds. The converging of the curves indicates strongly 
that slag and metal have almost reached equilibrium after 300 
seconds. 

Fig. 7 shows the variation of calcium concentration in the metal 
phase as a function of reaction time and mixing speed (rpm). 
The calcium concentration in the silicon increases with time as 
CaO in the slag is reduced. It is readily apparent that a stirring 
speed greater than 100 rpm does not appear to increase the rate 
of calcium transfer. With stirring, by 600 seconds the calcium 
concentration in the slag reaches around 0.5 mass %Ca. Note 
that the variation of the concentration is very small after 300 s, 
within the experimental uncertainties. 

Interfacial phenomena between liquid silicon and carbon substrates  
The starting time, t = 0 (designated t0) was assigned to when the silicon was completely molten. 
It took only a few minutes for the molten silicon to completely spread and infiltrate the graphite. 
In this case, the substrate actually fractured during infiltration due to internal stresses as also 
described by Israel et al..[20] It should be mentioned that the “contact angle” observed in a non-
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equilibrium system is not a fundamental property but a reaction of the system and its tendency to 
go towards equilibrium. Hence, the term “apparent contact angle” is used in the current study for 
all further discussions. 

The change in apparent contact angle as a function of time for the three different graphite grades 
at rapid heating rate are presented in Fig. 8. In every one of these runs, the specimen was pushed 
at the same velocity (corresponding to a rate of temperature increase calculated to be 6.6 K/s) 
into the hot zone of the furnace at 1703 K (1430 °C). It is evident that there are clear differences 
in the dynamic wetting behavior of these graphite grades. For all of the graphite grades tested, 
the apparent contact angle decreased linearly with time until approaching equilibrium, 
corroborating the observation of Israel et al.[20]. Silicon melting on Grade A in Test SD1 started 
out at a high apparent contact angle and did not attain an equilibrium contact angle until after 
over 250 seconds; this is expected since this is an isostatically pressed, dense graphite grade with 
low open porosity. The initial apparent contact angle for Grade C, surprisingly, was quite similar 
to Grade A grade despite having the highest open porosity since it is an extruded graphite 
quality. Melting on Grade B (the vibration molded quality), in contrast, started at a low apparent 
contact angle and was completely wetted in just under 150 seconds, although the initial rate of 
spreading differed. 

Discussion 

Importance of Gibbs energy change. 
The variation of the contact angle between two 
phases that are not in equilibrium is well reported and 
documented.[12-17] The present discussion would not 
focus on this variation, since this kind of variation is 
inevitable. It is essential to have an in-depth 
understanding of the dynamic nature of wetting 
behavior in order to make this type of measurement 
useful for the development and optimization of any 
materials process. Note that the situation described by 
Young’s law is only valid for systems in 
thermodynamic equilibrium. In a system under non-
equilibrium conditions, the interfacial tension between liquid silicon and graphite, Si/C, varies 
with time. Unfortunately, Si/C is not measureable in reality. Exactly as in the case that the 
activity of a component cannot be defined and measured in a non-equilibrium system, the 
interfacial tension Si/C term cannot be defined and measured in this system since molten silicon 
and carbon cannot exist in thermodynamic equilibrium. Actually, the variation of the apparent 
contact angle is not only a result of the change in Si/C, but also due to the change in the total 
Gibbs energy between the two states: 

ReactionTotG G A                                                                       [1] 

where ReactionG is the Gibbs energy of the reaction to form silicon carbide by graphite and liquid 

Si, and A is the interfacial energy term. Hence, a scientific consideration of the dynamic 
variation in this system (see Fig. 8) should really be based on Eq. [1]. For this reason, the 
observed contact angle should strictly be called an “apparent contact angle”.  
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It is expected that the mechanism and rate of the reaction are directly related to the experimental 
conditions, e.g. in the present case, the type of substrate and the heating history. The variation of 
the apparent contact angle is in fact a measure of the reaction rate. In order to properly utilize 
this type of measurement in a proper scientific manner for process optimization, a good 
understanding of the reaction mechanism including the effects of the substrate properties and the 
heating history is required. The apparent contact angle or the apparent interfacial energy between 
a liquid and either solid or another liquid would, no doubt, vary with time if the two phases in 
contact are not in equilibrium. The variation rate may be high or low depending on the system. 
One must be careful when using the value of apparent interfacial energy reported in the 
literature, since the value is system dependent.   

The above discussion does also apply to the system of slag-metal reactions. Note that the 
interfacial tension between silicon and slag at the initial stages of the experiments (corresponding 
to Fig 3a, b and Fig.4a, b) cannot be measured as a physical property. Only at the final stage, 
when the two phases have reached equilibrium, the interfacial tension can be determined. The 
authors would like to draw people’s attention that the system in Fig. 3a (Fig. 4a ) is not the same 
as the system shown in Fig.3d (Fig.4d), since the compositions of both phases have changed. It 
emphasizes again that one should be careful when using the value of interfacial energy reported 
in the literature. To explain the observation that slag-metal system rapidly generates a very large 
interfacial area that decreases with reaction time (see Figs. 3-5), the overall driving force, viz. the 
total change in the Gibbs energy of the system between the initial and the final states is also 
described by eq. [1]. Considering the chemical reaction involved, the Gibbs energy term 

actionGRe is related to the following reaction, 

)()(
2

1
)(

2

1
)( 2 lCasSiOlSisCaO                                    [2] 

with
QRTGG o ln22                                              [3] 

Hence, eq. [1] can be rewritten as  
AGGTot 2                                                [1’] 

As pointed out in a previous section, the apparent interfacial tension that is observed indeed 
depends on the total TotG and not only on .   

At the initial stages of the process, the two phases are far from equilibrium with respect to 
calcium, i.e. 2G is very negative, and therefore it is the dominating term in Eq. [1’]. The 
extremely low apparent interfacial tension would result in a large interfacial area between slag 
and silicon, facilitating emulsion formation. As the two phases approach chemical equilibrium 
( 2G  approaches zero), the second term, A  in Eq. [1’] becomes increasingly important. To 
reach the minimum Gibbs energy level, the system would prefer a minimum interfacial area at 
the latter stage of the process, which explains the drastic decrease in the interfacial area as 
equilibrium is approached. 

Mechanical agitation inputs kinetic energy into the system and therefore facilitating the break-up 
and dispersion of metal droplets into the slag phase. At this point where the 2G has almost 
reached zero, with 100 rpm mixing speed, there is not enough energy imparted to the melt to 
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maintain the slag–metal emulsion, and the metal phase re-
coalesces. It is strongly felt that a process optimization 
concerning the slag-metal interfacial phenomena would be 
unrealistic when the chemical potential is excluded in the 
consideration and only the interfacial tension is highlighted. In 
metallurgical and material processes, chemical reactions always 
take place at the interface, e.g. in the present case: slag-silicon or 
silicon-graphite. Overlooking of the chemical reaction and too 
much emphasis on interfacial tension would mislead the 
modelling and optimization of the process.   

Although the variation of the contact angle with time has been 
well known, in process modelling and process optimization the 
foremost importance has always been given to the interfacial 
energy. In the consideration of the interfacial phenomena, the 
Gibbs energy term in eq.[1] is very often overlooked. As seen in the case of both slag-metal 
reaction and silicon-graphite reaction, the apparent interfacial energy is in fact a function of the 
kinetic conditions. While the contact angle (interfacial energy) could be somehow followed 
dynamically, the contribution of the Gibbs energy term can very often be dominating in the 
dynamically followed apparent interfacial energy. This dominating behavior has been evidently 
seen in the initial stages (before 90 s) of the slag-metal reaction.  

As a matter of fact, in the case of study of both 
slag entrainment into liquid steel forming 
inclusions and inclusion separation to the slag 
phase, almost all the models have neglected the 
Gibbs energy term in eq. [1].  

Possibility of slag entrainment into liquid steel 
Formation of inclusion by slag entrainment has 
been discussed by many researchers. The 
mechanism of droplet formation is illustrated in 
Fig. 9, which is reproduced from the publication 
by Krishnapisharody and Irons[21]. The authors 

came to the conclusion that the momentum of interfacial shear was not significant for 
emulsification of oil but it is rather triggered by Kelvin-Helmholtz instability when two stratified 
fluids are in relative motion. One important fact is that the phenomenon illustrated in the above 
figure is evidence for the formation of slag droplets. On the other hand, the size of the droplets 
formed in this manner has so far been at the millimeter scale. No evidence has so far been 
reported for the formation of slag droplets less than 20-30 μm, which are the potential source of 
inclusions. To form certain amount of inclusions in this size range and even smaller would need 
a considerably large amount of energy.    

No real quantitative model has so far been developed to describe the slag-metal emulsification. A 
simple model based on energy balance was suggested by Wu in his PhD thesis.[22] As seen in 
Fig. 10, interfacial tension has a great impact on droplet size. The influence of gas flow rate on 
droplet size is obvious when interfacial tension between slag and liquid metal is big. Otherwise, 
the effect is weak. It is seen that droplets smaller than 50μm can only form when the interfacial 

Fig. 10 Model predictions for droplet sizes at 
different conditions (Reproduced from Ref. [22])

Fig.9 Detachment of 
emulsified droplet in an oil-
water model (Reproduced 
from Ref.[21]) 
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tension is low, e.g. 0.1 N/m. On the other hand, droplets formed with higher interfacial tensions, 
e.g. 0.7 N/m are usually bigger than 0.2 mm, which would float up easily. These bigger droplets 
would not form inclusions.  

Note that as discussed earlier in the present work, the slag-
metal reaction at the initial stages of the ladle treatment 
would dramatically lower the apparent interfacial tension 
between slag and metal. It could be lower than 0.1 N/m, 
though the equilibrium interfacial tension is usually 
between 0.5 and 1 N/m. The variation of apparent 
interfacial tension along the process would offer us an 
opportunity for process optimization regarding inclusion 
entrainment and inclusion removal.  

To verify the results from the laboratory study, three 
samples of slag-metal interface taken around the open-eye 
in the gas stirred ladle at Uddeholm Tooling (currently 
Uddeholm AB) were investigated to evaluate the presence 

of slag entrainment in the steel.[23-25]

Fig. 11 illustrates this aspect clearly. Fig.11a 
presents a photograph of an opened sample showing 
slag-metal interface in the case of gas-stirring 
mode, while Fig. 11b presents the LOM photograph 
of the steel sample in contact with the slag 
(magnification – 50 X). The results strongly suggest 
further systematic study is needed for an in-depth 
understanding of slag-metal interface in the ladle 
treatment. 

Fig.12 presents series of photomicrographs taken 
from the three samples, respectively. While the first 
picture in each series shows the surface of the steel 
in contact with slag, the lowest picture shows the 
steel part about 20 mm from the slag-metal 
interface. Note that almost all the dot spots are 
pores. No visible amount of slag is observed in any 
of the three samples. The results are in very good 
accordance with the semi empirical model 
suggested by Wu in his PhD thesis.[22]

Note that these sample were taken when the slag was almost in equilibrium with the liquid metal. 
The situation could be very different when the top slag has just been added to ladle (the slag and 
steel are far from equilibrium at this stage). In this stage, the Gibbs energy term in eq.[1] might 
play great role in determining the slag-metal interface, the entrainment of slag and even the 
removal of inclusions. It is strongly felt that an optimization of the ladle process considering the 

Fig.12 Series of photomicrographs 
taken from the three samples

(a)

(b)
Fig.11  (a) slag metal interface in the case of
gas stirring mode,[23] (b) LOM photograph of
the steel sample in contact with the slag [25]
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function of Gibbs energy term in eq.[1] in determining the slag-metal interface would be 
essential with respect to slag-metal reaction and steel cleanness. The present work would 
function as a starting point to initiate a discussion about the importance of Gibbs energy change 
in determining the behavior of interface. It is hoped that this discussion would lead to better 
process models. 

Conclusion 
The interface between liquid silicon and CaO-SiO2 slag and the interfacial reaction between 
silicon and graphite were studied experimentally. The results revealed evidently that the 
chemical driving force could play dominating role in determining the interface, while the 
interfacial tension would only become important when the slag and metal were reaching 
equilibrium.  

In the case where the two phases are not in thermodynamic equilibrium, it is impossible to 
measure the interfacial tension. This is similar as the situation where equilibrium chemical 
potential cannot be determined in a non-equilibrium system. The apparent interfacial tension 
measured is in fact a kinetic parameter that depends greatly on the experimental conditions, but 
not a physical property of the system. The measured values cannot be used to other experimental 
conditions. 

The possibility of the entrainment of ladle slag as a source of nonmetallic inclusions was also 
evaluated on the basis of the above findings.  The present study would like to draw researchers’ 
attention regarding the important role of Gibbs energy of the reaction in the interfacial 
phenomena. The study would also raise a question whether the interfacial tension determined at 
equilibrium condition can be applied to a non-equilibrium system. 
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ABSTRACT 

A unique cross tube furnace was designed to focus on the study, development and control 
of molten oxide jets. The cross alumina tube along with a high speed camera arrangement 
facilitated observations of jet formation and break up at temperatures 1550 - 1700°C. The slag
flow rate was controlled with the help of a nozzle-plunger system along with suitable back 
pressure of argon. Various phenomena like drop formation and pinch off, drop oscillation and 
jet breakup was observed. Surface tension of calcia-alumina slags with composition close to 
its eutectic was studied using dynamic methods like oscillating jet as well as elliptical jet 
technique. The values were observed to be comparable with existing literature as well as 
independent sessile drop measurements. The current paper discusses the jet technique for 
surface tension measurements as well as other dynamic phenomena involved during jet
formation. It also discusses the effect of phenomena like wetting on the jet method.

INTRODUCTION

Heat recovery form industrial wastes have been a significant topic of interest especially in 
context of carbon credits. Among industrial wastes, metallurgical slags are the bulk in terms 
of volume and hence have come under predominant focus. Slags have lower thermal 
conductivity hence in order to extract heat the area needs to be large in comparison to volume
1. The popular configuration for heat recovery from slag demands the formation of fine drops. 
All methods of heat extraction involve the formation of jets and subsequent breakup of jets
into drops 2-8. It is critical to observe and study the phenomena of jet breakup into drops as it
can indicate to methods by which various thermophysical properties could be measured. The 
Rayleigh jet indicates the combined effect of viscosity and surface tension of the fluid while 
drop formation and free fall oscillation could give properties like density and viscosity. 

Property measurements at high temperature is challenging for the fact that material 
interactions are difficult to control. Another limitation is the sophisticated level of equipment 
and measuring methods involved in it. Owing to this as well as other factors like initial purity 
of materials and atmosphere used, the scatters of values obtained at the same property 
measured across various laboratories prevail. Viscosity is probably the only property of slag 
for which a detailed standardization procedure was devised 9. However nothing significant
was devised for other properties like surface tension, density etc. 
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This paper discusses the observation of various phenomena like jet break up, drop formation 
and oscillation. Properties like surface tension and viscosity have been measured from these 
phenomena. Also parallel experiments on surface tension using the sessile drop technique 
was carried out for lower temperatures. The effect of substrate material on wetting is briefly 
discussed. 
  

EXPERIMENTAL 
 

In order to observe various phenomena occurring at high temperature as well as having a 
control over the flow of slag, a cross tube furnace was designed. A plunger-nozzle system 
made of graphite was used as the crucible. It also had the provision of applying back pressure 
to the slag for achieving higher flow rates. The horizontal section of the cross tube had the 
provision of observing the inside of the furnace via a quartz window. The slag jet formed was 
recorded using a high speed camera. Further details of the set up are mentioned in earlier 
publications 10,11. The set up was capable of heating slag up to a temperature of 2023 K and 
temperature uniformity of the jet was achieved by having 3 split furnaces stacked over 
another. The detailed description of the furnace is available in earlier publications from the 
authors (ref). 
  

OBSERVED PHENOMENA 
 
DROP GROWTH AND PINCH OFF  
 

a) Drop weight method 
 
The drop growth, pinch off and oscillation was observed at high temperatures using a high 
speed camera. The drops were grown slowly. This avoided the effects of hydrodynamics on 
the contours of the drop. The drop weight method involves the detachment of a drop when 
the weight of the drop is no longer balanced by the surface tension. Since the detachment 
involves a portion of the drop being attached to the capillary tip, a drop weight correction 
factor needs to be incorporated in the force balance equation. The weight of 30 drops were 
taken for finding the weight and various version of the Harkings and Brown drop weight 
correction factor was used 12. A comparison of the effect of various drop weight correction 
factors on surface tension is given in Figure 1. It is seen that apart from clift all other 
correction factors yield similar surface tension values. 
 

a) Pendant drop method 
 

The pendant drop method involves the slow growth of a drop and holding at a point at which 
the surface tension value just balances the weight of the drop. Due to the dynamics of the 
system it was very difficult to hold the drop for a long period. A dynamic pendant drop 
method was used which was later analysed using the selected plane method. In this method 
only two planes are of interest ds and de which is the shown in Figure 2 (a). Based on the 
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Bidwell et al. 14, the values for surface tension as the drop grows is shown in Figure 2 (b). 
The start and end values are high due to the fact that they are drop formation and pinch off 
regions. The middle points are relatively horizontal and an average value was used for 
reporting the surface tension. A point to be noted is that the errors are relatively high owing 
to the fact that the method takes only two dimensions  into consideration for the calculation. 
A refinement to the process could be plotting the contour and using it for surface tension 
estimation.    

 

 
Figure 1: Comparison of surface tension values for various drop correction factors 13.  
 
 

 
Figure 2: Pendant drop profile of the molten calcia-alumina slag with the planes of interest 
(left). Surface tension values obtained from different image between two consecutive drop 
formation and pinch off (right) 14. 
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JET FORMATION AND BREAK UP 
 

a) Circular Jets 
 
A jet was initiated with the help of argon pressure above the molten slag inside the crucible 
as well as the plunger movement. This jet emanates from a circular nozzle and instabilities 
grow in the axial direction as a function of time and space creating necks and swells along the 
axis. A finite number of images from a recorded sequence were loaded in an image analysis 
software and the contour of the jet was plotted as a function of axial distance till the point 
where the jet disintegrates to form drops. The generalized equation for the jet radius as a 
function of time and distance is given as : 
 

         [1] 
 
R0 is the initial radius of the jet, ε0 is the amplitude of the initial disturbance, α is the growth 
factor and k is the wave number. Figure 3 (top) shows the profile of the jet with and without 
the cosine term, the variation in the jet profile is shown in the middle figure. The logarithmic 
difference between the maximum radius minus the initial radius of the jet divided by the 
initial disturbance was plotted as a function of time in the Figure 3 (bottom). The slope of this 
graph gives the growth factor α. Once this known, using the relation between surface tension, 
viscosity, growth rate and wave length 15 
 

          [2] 

 
The density was calculated from the drop volume method by noting the weight against a 
fixed number of drops collected. The viscosity was calculated from the Urbain model for the 
slag composition 16. Substituting these values in the above equation the surface tension was 
calculated as a function of time. 
 

a) Elliptical Jets 
 

An elliptical nozzle was fabricated through which the molten slag jet was generated. A standing wave 
jet is generated. Figure 4 shows the standing wave jet being generated from the elliptical nozzle. The 
figure also shows the cross section of the nozzle used. Using the equation generated by Masutani and 
Stenstrom 17, which is a modified Bohrs model 18, the surface tension for the liquid could be linked 
with measurable quantities as shown in equation 3. 

          [3] 

Here Q is the volumetric flow rate and λ is the wavelength. 

The stream radius r is given by the equation 
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Figure 3: Jet profile according to equation 1 (top). Actual jet profile extracted from recorded 
images (middle). Determination of instability growth rate and initial disturbance of the jet. 
The slope of the line through the maxima gives the growth rate 13.  
 

         [4] 

The correction factor which takes in to account the effect of viscosity is given by the equation 

        [5] 
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Figure 4: Standing wave produced by elliptical jet. The cross section of the capillary used is 
shown on the right.13 
 
 STATIC MEASUREMENTS - SESSILE DROP STUDY 
 
The major limitation of using jet technique for dynamic surface tension measurement was 
that the slag required a minimum superheat for it to form a jet. The melting point of 49 CaO- 
51 Al2O3 was estimated through independent observation to be around 1673 K 19. It is not 
possible to operate the jet at this temperature. The operating temperature for this technique 
was between 1800-1973 K.  Hence sessile drop experiments were carried out separately to 
find the surface tension of the slag between the temperature range 1700- 1773 K.  
 

RESULTS 
 
Comparison of the surface tension values using the abovementioned static and dynamic 
techniques are compiled in Table I. It can be seen for the pendant drop technique the value 
obtained was significantly lower than that of the drop weight method. This is attributed to the 
fact that only four points on the drop are used in selected plane method. The temperature 
dependence on the surface tension for the calcia-alumina slag used was obtained by fitting the 
values obtained from the sessile drop, drop weight and the oscillating jet (circular and 
elliptical) method. The temperature dependency coefficient obtained is 0.13 mN/K, which is 
similar to that obtained by Zielinski and Sikora 20 as well as Dou et al 21 (0.14 and 0.13 mN/K 
respectively). 
 
Table I – Surface tension values of 49 CaO – 51 Al2O3 given by various methods. 
Temperature Surface Tension (mN/m) 

Sessile Drop 
Method 

Drop Weight 
Method 

Pendant 
Drop Method 

Circular Jet 
Method 

Elliptical Jet 
Method 

1705 654.4 - - - - 
1728 654.8 - - - - 
1745 650.1 - - - - 
1773 647.6 - - - - 
1808 - 638 - - - 
1858 - 632 - - - 
1908 - 625 - - - 
1808 - - 625 - - 
1858 - - 600 - - 
1908 - - 590 - - 
1933 - - - 624  
1973 - - - - 626 
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Figure 5: Surface tension variation with temperature compiled from data using 4 methods 
(sessile drop, drop weight, circular jet and elliptical jet methods). 
 
Another property that can be studied is the wetting of the slag with the substrate material. The 
material of construction for nozzle using the jet technique prefers that the slag should be non-
wetting in nature. The contact angle between the slag and graphite varied between 148 – 156 
degrees as a function of temperature. In order to study the dynamic effect of surfactants, the 
slag composition was changed. B2O3 was preferred as the surfactant as its surface tension is 
quite low and is stable at high temperatures. However graphite in this case cannot be used as 
the constructional material as it could produce carbon monoxide hence reducing the 
surfactant. Molybdenum was chosen for making the nozzle, plunger as well as crucible. The 
wetting of the slag against molybdenum is shown in Figure 6. The contact angle of the slag 
containing 21%  B2O3 with molybdenum is less than 10 degrees which indicates that the slag 
is wetting . The oscillating jet method was performed on this slag with molybdenum as the 
capillary material. The slag was observed to wet the tip and creep upwards resulting in a 
preferred orientation of the jet.  
 

 

Figure 6: CaO-Al2O3- 21% B2O3 slag on graphite (left) and molybdenum (right) 
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CONCLUSION

Surface tension of 49 CaO – 51 Al2O3 slag was measured using various techniques. Apart 
from pendant drop method, surface tension values and its variation with temperature showed 
a similar trend. Dynamic methods like oscillating jet method for measuring surface tension 
were successfully tested. The slag should be non-wetting for accurate results using dynamic 
jet methods.

REFERENCE

1. Slag Atlas, Verein Deutscher Eisenhűttenleute, 1995.
2. C. Nexhip, R. Davidson, T. Norgate, S. Sanetsis, B. Washington, Dry Granulation of

Slags for Producing Cement Binder, in: Proceedings of Green Processing 2004
Conference, 10-12 May 2004, Fremantle, Australia.

3. D. Xie, S. Jahanshahi, T. Norgate, Dry granulation to provide a sustainable option for
slag treatment, in: Proceedings of Sustainable Mining Conference, 17-19 August 2010,
Kalgoorlie, Western Australia.

4. M. Yoshinaga, K. Fujii, T. Shigematsu, T. Nakata, Dry granulation and solidification
of molten blast furnace slag, T. Iron Steel I. Jpn. 22 (11) (1982) 823-829.

5. Y. Kashiwaya, Y. In-Nami, T. Akiyama, Development of a rotary cylinder atomizing
method of slag for the production of amorphous slag particles, ISIJ Int. 50 (9) (2010)
1245-1251.

6. Y. Kashiwaya, Y. In-Nami, T. Akiyama, Mechanism of the formation of slag particles
by the rotary cylinder atomization, ISIJ Int. 50 (9) (2010) 1252-1258.

7. J. Liu, Q. Yu, Q. Qin, System for recovering waste heat from high temperature molten
blast furnace slag, in: Proceedings of TMS Annual Meeting, 27.02. - 03.03.2011, San
Diego, CA.

8. S. J. Pickering, N. Hay, T. F. Roylance, G. H. Thomas, New process for dry
granulation and heat recovery from molten blast-furnace slag, Ironmak. Steelmak. 12
(1) (1985) 14-21.

9. C P Broadbent, M Franken, D Gould and K C Mills, Standard reference material for
viscosity measurements, 4th International Conference on Metallurgical Slags and
Fluxes, Sendai, Japan.

10. Mirco Wegener, Luckman Muhmood, Shouyi Sun and Alex V Deev, A novel high
temperature experimental setup to study the dynamics interfacial phenomena in slags,
Industrial and Engineering Chemistry Research,52 (46), pp. 16444-16456, 2013.

11. Mirco Wegener, Luckman Muhmood, Shouyi Sun and Alex V Deev ,Formation and
breakup of molten oxide jets”, Chemical Engineering Science, 105, pp. 143-154, 2014.

12. W.D Harkins and F E Brown, Determination of surface tension (free surface  energy)
and the weight of falling drops ; The surface tension of water and benzene by capillary
height method, The Journal of American Chemical Society, 41 (4), 1919, 499-524.

13. Mirco Wegener, Luckman Muhmood, Shouyi Sun and Alex V Deev, Surface tension
measurements of Calcia-Alumina slags – A comparison of dynamic methods,
Metallurgical and Materials Transactions B, 8, 2015

14. R. M. Bidwell, J. L. Duran, G. L. Hubbard, Tables for the determination of the surface
tensions of liquid metals by the pendant drop method, University of California, Los
Alamos, New Mexico, (1964).

15. J Eggers and V E  Villermaux, Physics of liquid jets, Reports on progress in Physics, 3
, 2008, 036601.

554



16. G. Urbain, Viscosity of silicate melts, Rev. Hautes Tempér. Réfract. 20 (1983) 135-
139. 

17. G Masutani and M K Stenstrom, A review of surface tension measuring techniques,
surfactants,  and their implications on oxygen transfer in waste water treatment plants,
Water resources program, School of Engineering and Applied Science, University of
California, Los Angeles (1984).

18. N Bohr, Determination of the surface tension of water by the method of jet vibration,
Philosophical Transaction of the royal Society of London. Series A, Containing paper
of a mathematical and physical character, 209 (1909) 281-317.

19. Luckman Muhmood, Mirco Wegener, Alex Deev and Shouyi Sun, private
communications.

20. M Zielinski and B Sikora, Surface tension  of the calcium oxide – alumina system with
addition of silica, iron (III) oxide, calcium fluoride, sodium oxide, Prace Instytutu
Metallurgii Zelaza 29 (3-4), 1977, 229-232.

21. Dou Z, Zhang A, Yao J, Jiang X, Niu L and He J: The Chinese Journal of Process
Engineering, 9 (1), (2009), pp. 246-249.

555



1 

SLAG SURFACE TENSION MEASUREMENTS WITH CONSTRAINED 
SESSILE DROPS 

Marc A. Duchesne, Robin W. Hughes 

Natural Resources Canada, CanmetENERGY; 1 Haanel Drive; Ottawa, ON K1A 1M1 Canada 

Keywords: Slag, Surface tension, Density, Constrained sessile drop 

Abstract 

Physical properties of slag are critical in the design and operation of refining technologies and 
slagging energy systems. The surface tension of slag impacts phenomena such as granulation, 
foaming, removal of solid inclusions, erosion of refractory and fouling. In this study, slag sessile 
drops formed on graphite, alumina and molybdenum substrates were compared. Use of graphite 
resulted in the largest contact angles, a desirable trait for surface tension measurements, but also 
led to reactions with the slag. Alumina and molybdenum were less reactive, but resulted in 
contact angles too small for measurements. When sessile drops were constrained by small 
substrate diameters to increase the apparent contact angle, surface tension measurements could 
be achieved with alumina and molybdenum substrates. The surface tension of coal slag was 
measured at up to 1600 °C in oxidizing and reducing gas atmospheres. 

Introduction 

Physical properties of slag, such as viscosity, density, surface tension, heat conductivity and heat 
capacity, are important for mineral processing, metal processing, slagging combustion and 
slagging gasification. The surface tension of slag impacts phenomena such as granulation, 
foaming, removal of solid inclusions, erosion of refractory and fouling [1–4]. There are several 
techniques to determine the surface tension of slags, such as maximum bubble pressure, sessile 
drop, pendant drop, and levitating drop techniques [5]. With sessile drops, the accuracy of 
surface tension measurements is greater when the contact angle ( in Figure 1a) is large and the 
drop volume is large [5]. Unfortunately, the contact angle of slag on most materials able to 
contain slag at high temperatures (e.g., molybdenum, platinum and alumina) is relatively low [6]. 
Some researchers have achieved a high contact angle with slag on graphite. However, graphite 
may only be used in reducing gas atmospheres and can react with slag [6,7]. To produce slag 
sessile drops with larger apparent contact angles ( ), the substrate can be sized as a circular disc 
with a sharp edge so that the slag drop is unable to spread to its equilibrium contact angle (Figure 
1b). 
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Figure 1. (a) Conventional and (b) constrained sessile drop contours. 

 
 

Materials and Methods 
 
For measurements with the tensiometer, all samples were placed on a molybdenum (≥99.95%, 
Marketech International), alumina (99.5%, Ortech Inc.) or graphite (grade ET-10, Morgan 
Advanced ceramics) disc-shaped substrate with a diameter of 8, 13 or 25.4 mm. The coal ash 
considered in this study is derived from a Saskatchewan, Canada lignite. Real ash was prepared 
following ASTM D5142. The composition of the ash was determined by X-ray fluorescence 
following ASTM D4326 (Table I). A synthetic version of the ash (Table I) was prepared by 
mixing laboratory or analytical grade SiO2, Al2O3, Fe2O3, TiO2, CaO, MgO, Na2O, V2O5 and/or 
NiO in a Turbula shaker-mixer for 12 h. Sulphur was not included in the synthetic ashes as it is 
expected to devolatilize during surface tension measurements. For placement of powder samples, 
including iron oxide and ash samples, 6 mm pellets were formed by pressing 0.1-0.4 g of powder 
using a hydraulic press with 15 kN force held for 30 s. Ash pellets were melted in the 
tensiometer furnace to form slag. 
 

(a) (b) 
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Table I. Composition of real and synthetic coal ash (wt.%) 
Real coal ash Synthetic coal ash 

SiO2 37.59 45.4 
Al2O3 16.61 20.0 
Fe2O3 5.54 6.7 
TiO2 0.69 0.8 
P2O5 0.41 - 
CaO 13.16 15.9 
MgO 2.93 3.5 
SO3 14.10 - 

Na2O 6.36 7.7 
K2O 0.28 - 
BaO 0.471 - 
SrO 0.356 - 
MnO 0.025 - 
CuO 0.008 - 

Loss on fusion 1.45 - 
 
 
For surface tension measurements, a Dataphysics OCA 15 LHT tensiometer with an HTFC 1700 
furnace was used. A ceramic tube, with water-cooled flanges on either end, passes horizontally 
through the furnace (Figure 2). Samples on substrates were placed in this tube, near the furnace 
center. One water-cooled flange was attached to a plate with a port for a type B thermocouple 
that measured the sample temperature and recorded it at 2 s intervals. The other water-cooled 
flange was attached to a window providing a visual line of sight for a CCD camera. As was done 
by Melchior et al. [8], an infrared cutoff filter was used to reduce blurriness, and a polarizing 
filter was used to reduce reflections. SCA20 software, also supplied by Dataphysics, was used to 
control the furnace and record video captured by the CCD camera. A flow of ~250 ml/min of 
either air or 4 vol.% hydrogen in argon, here forth referred to as Ar/H2, was used to produce 
oxidizing or reducing conditions, respectively. At the beginning of each experiment, the furnace 
was heated at a rate of 10-15 °C/min until a temperature of about 100 °C below the melting point 
of the sample. The heating rate was then set to 5 °C/min for the remainder of the experiment. 
Unless specified otherwise, measurements were completed during heating of the samples. To 
reduce blurriness, the camera iris had to be progressively closed as the temperature and sample 
brightness increased. A 0.255 cm gauge block was used to determine the size of pixels in 
recorded images at various zoom levels. Video files recorded with SCA20 software were 
exported as AVI type files. VirtualDub 1.10.4, a free video processing program [9], was used to 
convert the AVI file to a series of bitmap images. These images were then processed by a 
purchased program named ADSA to determine the sample’s surface tension as a function of 
temperature [10,11]. 
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Figure 2. Schematic of the tensiometer system. 

 
 

Results and Discussion 
 
Contact angle and reactivity 
 
The contact angle of synthetic coal ash on various substrate materials as a function of 
temperature is shown in Figure 3. When applying the sessile drop method to determine surface 
tension, elevated contact angles are desired for the best accuracy [5]. From Figure 3, it is obvious 
why graphite substrates were used in previous studies [6,8,12] instead of alumina or 
molybdenum substrates for slag surface tension measurements as the contact angle is much 
greater with graphite. However, there are disadvantages of using graphite. Slag usually reacts 
with graphite, forming bubbles in the slag drop [6,7]. The inset in Figure 3 shows the coal slag 
drop on graphite at 1585 °C. As observed previously [8,12], bubbling accompanied by 
expansions and collapses of the drop was most intense above 1500 °C. This explains the scatter 
of contact angle values in Figure 3. Another disadvantage of using graphite is that it cannot be 
used in air as it readily oxidizes. The synthetic coal slag on molybdenum and alumina substrates 
did not present the bubbling observed with graphite. However, the contact angles were too low to 
obtain accurate surface tension values. This justifies the use of the constrained sessile drop 
method that limits spreading of liquids. A higher contact angle is still preferred for the 
constrained sessile drop method, as it limits the potential for spillage over the substrate edge. Use 
of a molybdenum substrate resulted in a slightly higher contact angle than use of an alumina 
substrate (Figure 3). Contact angles were too low to be measured on alumina above 1400 °C. 
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Molybdenum cannot be used in air as it readily oxidizes, while alumina can be used in both air 
and Ar/H2 [13]. 
 

 
Figure 3. Contact angle of synthetic coal slag as a function of temperature on various substrate 
materials and in various gas atmospheres. The top right inset shows the slag drop on graphite at 

1585 °C. 
 
 
Substrate diameter for constrained sessile drops 
 
Figure 4 shows measured surface tension values of synthetic coal slag on various substrates and 
in various gas atmospheres. Sessile drops on 25 mm substrates were conventional 
(unconstrained) drops. Sessile drops on 13 and 8 mm substrates were constrained. With 25 mm 
substrates, values could be obtained for the entire temperature range of interest on molybdenum, 
but not on alumina. This is presumably due to the lower contact angles on alumina making it 
difficult for the ADSA software to extract a drop profile. For all substrate material and gas 
composition combinations tested, density and surface tension values with 8 mm substrates are 
more consistent than with 13 or 25 mm substrates. The constrained sessile drops provide an 
improvement in precision over the unconstrained drops, and the smaller constrained drops 
provide an improvement in precision over the larger constrained drops. This mirrors Hoorfar and 
Neumann’s statement that the range of drop shapes that are acceptable for surface tension 
measurements is greater with smaller substrate diameters [10]. Furthermore, the use of 
constrained sessile drops allows for measurements with materials that interact less with slag than 
graphite, and a material (alumina) that is suitable for oxidizing and reducing gas environments. 
 

561



6 
 

 

 

 
Figure 4. Surface tension of synthetic coal slag measured on 25, 13 and 8 mm substrates of: (a) 

molybdenum in Ar/H2; b) alumina in Ar/H2; c) alumina in air. 

(a) 

(b) 

(c) 
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Surface tension of coal slag 
 
For synthetic coal slag surface tension measurements on 8 mm molybdenum with Ar/H2, on 8 
mm alumina in Ar/H2 and on 8 mm alumina in air, values fall within the range of 360-630 mJ/m2 
for the temperature range of 1200-1600 °C (Figure 4). Surface tension values on alumina 
substrates are ~550 mJ/m2 below 1450 °C, and ~440 mJ/m2 above 1450 °C. With the 
molybdenum substrate, surface tension values are ~420 mJ/m2 for the entire temperature range 
tested. The surface tension of melted real ash, i.e., real slag, on molybdenum in Ar/H2 is 
compared to synthetic slag in Figure 5. All surface tension values fall within the range of 450 
mJ/m2 ± 20%. As was found in another study by Horstenkamp and Müller [14], use of synthetic 
slag yields similar results as the use of real slag for surface tension measurements. 
 

 
Figure 5. Surface tension of real and synthetic coal slag measured on 8 mm substrates of 

molybdenum in Ar/H2. 
 

Conclusion 
 
Slag contact angles on graphite substrates are higher than on molybdenum or alumina substrates, 
which is favorable for surface tension measurements. However, unlike with the molybdenum and 
alumina substrates, there was strong interaction between the slag and graphite substrate. Alumina 
substrates have the advantage of being stable in both reducing and oxidizing environments, while 
graphite and molybdenum are only stable in reducing environments. The use of constrained 
sessile drops is justified by potentially improving measurement accuracy with substrates that 
avoid interaction issues, but provide low contact angles. Comparing results with non-
constraining (25 mm) and constraining (13 and 8 mm) substrates, the constrained sessile drops 
provide an improvement in precision over the unconstrained drops, and the smaller constrained 
drops provide an improvement in precision over the larger constrained drops. Based on 
measurements with a molybdenum substrate, the surface tension of synthetic coal slag in 
reducing conditions is ~420 mJ/m2 for the temperature range of 1200-1600 °C. Measurements 
with alumina substrates, in both oxidizing and reducing conditions yielded similar results above 
1450 °C, but higher surface tension was observed at lower temperatures. Measurements with real 
coal slag yielded similar results to measurements with synthetic coal slag. 
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Abstract 

In this study, the spreading and infiltration behavior of slag in contact with different grades of 
graphite was investigated. The wetting and infiltration of slag into graphite were found to be highly 
material dependent. Temperature and silica content of the slag also have a major influence on how 
slag spreads and infiltrates: The higher the temperature and silica content, the greater the slag 
infiltration, and the faster the rate of spreading. Reactions that generate gaseous products occurred 
during spreading of slag on graphite was evidenced by the observation of bubble formation. Silicon 
infiltrated into the graphite substrates much deeper than the slag phase, indicating gas-phase 
transport of silicon-bearing vapor species. Complete wetting of the interface and reduction of silica 
in the slag near the interface may lead to passivation by formation of a solid, CaO-rich layer. 

Introduction 

Graphite is an exceptional refractory material, and is used extensively in the smelting, melting, 
refining, and crystallization of silicon as well as in other non-ferrous systems where carbon 
solubility is limited. Besides high refractoriness, at low oxygen potential graphite is chemically 
stable, has high resistance to thermal shock, high thermal conductivity, and is a soft material that 
is easily machinable to almost any shape or form. In actuality, commercially available synthetic 
graphites are not simple materials – there are a panoply of graphite grades on the market from 
numerous suppliers, and the manufacturing processes and production recipes can be quite diverse. 
As such, the thermophysical properties as well as the chemical reactivity of these different graphite 
grades can widely vary. 

There are many studies of silicon infiltration and spreading on graphite, as outlined in a previous 
publication [1]. Some have investigated the wetting of carbon substrates with FeO-containing 
liquid slags of varying compositions; these studies were related to ironmaking processes where the 
focus was on examining the reduction of iron oxide from the slag phase [2,3,4,5,6,7,8]. In a similar 
study, the wettability of silicon carbide by CaO–SiO2 slags was investigated by Safarian and 
Tangstad [9]. Heo, Lee, and Chung made similar measurements on graphite and MgO–C [10]. All 
of these studies employed high-temperature sessile drop apparatuses to measure the change in 
apparent contact angle of a molten slag droplet on a substrate over time, followed by scanning 
electron microscopy (SEM) of the specimens to analyze the reaction interfaces. 

There are some industrial processes which contain both a liquid metallic phase and a slag phase in 
contact with a graphite refractory, such as during slag refining of silicon. Graphite readily reacts 
with silicon to form SiC, and the kinetics of this reaction dictates the manner in which silicon 
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interacts with different types of graphite grades [1]. Similarly, liquid slag does not merely 
mechanically coat a graphite substrate, but reacts chemically with the carbon substrate. The 
wetting of the substrate is dynamic in the sense that the system is not in chemical equilibrium, so 
the “apparent” contact angle changes with time as the reactions take place. The objective of the 
current study was to explore the melting behavior of liquid slag in contact with graphite from a 
fundamental perspective to better understand the reactions involved, and to determine to what 
extent this phenomenon can be fully exploited. 

Experimental 

A high-temperature sessile drop system was used in this investigation, which is illustrated in Figure 
1. A horizontal Entech electrical tube furnace with Kanthal Super heating elements and an alumina 
reaction tube (70 mm inner diameter) was used. On one end of the tube, an internally water-cooled 
quenching chamber sealed the tube with a viton o-ring; the opposite end of the tube was sealed in 
a similar fashion with a water-cooled aluminum cap with a sealed quartz glass window. The 
specimen was placed on a graphite carriage that transported the specimen in and out of the hot 
zone of the furnace. A water-cooled pushrod, sealed with a shaft packing, was connected to the 
graphite carriage, which in turn was fastened to a screw drive that enabled the precise positioning 
and movement of the specimen to reproducibly control heating and cooling rates.  
 
A Eurotherm controller was used to set and maintain the target furnace temperature, with an even 
temperature zone was defined as ±2 K from the target temperature. A control thermocouple was a 
Type B (Pt–6% Rh / Pt–30% Rh) thermocouple (mounted in the wall of the furnace), which was 
positioned in the hot zone of the furnace outside of the reaction tube. A measurement thermocouple 
was a Type C (W / W–5% Re), 1 % accuracy, and was mounted axially in the pushrod and carriage, 
with the tip inside the carriage body positioned directly under the substrate.  
 
High-purity argon gas was metered using a Bronkhorst mass flow meter (±0.5 % accuracy). The 
reaction gas entered on the window end, passed through the tube, and exited out of the quenching 
chamber. 
 
A Leica V-LUX3 digital camera with full HD video (1920×1080) capability at 30 fps was mounted 
with a view into the quartz glass window on the end of the furnace opposite the quenching 
chamber. Video recording was initiated when the specimen began to melt. 

Materials Preparation 

Two binary CaO–SiO2 master slags were prepared prior to the experiments by fusing high-purity 
fused silica and calcium oxide, which in turn was prepared by calcining precipitated calcium 
hydroxide, in a graphite crucible and subsequently granulated in water. There was a wide 
difference in the compositions of the slags, 46 and 63 mass pct. SiO2. The 46 mass percent SiO2 
slag was near the first eutectic composition with a melting point of 1623 K. The second slag was 
near the second eutectic composition at a much higher silica content of 63 mass percent. 
 
Graphite qualities were chosen based on industrial relevance. Substrate disks were milled out of 
three different grades of graphite, and as can be seen in Table I and Figure 2, there is large disparity 
in the physical characteristics of these graphite grades. The substrates were 38 mm in diameter, 
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and 8 mm thick. Prior to the runs, the disks were heated at 393 K (120 °C) for at least 2 hours to 
remove any adsorbed water on the surfaces. 

Table I. Characteristics of the Graphite Substrates Used in this Study 

Graphite 
Grade 

Manufacturing 
Method 

Bulk 
Density 

C.T.E.  
[10-6/K] 

Max. Grain 
Size 

Open Porosity 
[%] 

A Isostatically pressed 1.77 4.3  11 

B Vibration molded 1.73 2.2 /2.5 0.8 mm 15 

C Extruded 1.70 2.1/3.1 0.8 mm 17 

 

 

Figure 1. Schematic of the experimental setup. 

   

(a) Graphite A (b) Graphite B (c) Graphite C 

Figure 2. Optical micrographs of surfaces of graphite substrates at 50× magnification. 

Experimental Procedure 

In preparation for each experiment, granulated slag was pressed into 10 mm diameter pellets. The 
graphite substrate was cleaned with ethanol, and after drying placed on the carriage. The slag pellet 
was positioned on top of the graphite substrate and the system was sealed with the carriage 
positioned in the quenching chamber. The reaction tube was evacuated with a vacuum pump for 
30 minutes, and back-filled with argon. To commence the run, the flow of reaction gas started at 
0.05 l/min, while the furnace control sequence was initiated to ramp the temperature up to 1823 K 
(1550 °C) or 1873 K (1600 °C) at 2 degrees per minute. Video recording with the digital camera 
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was started as soon as the melting temperature of the slag was exceeded. After 30 minutes of video 
recording, the rest of the experiment was photographed at 5 minute intervals. 
 
At the end of each run, the carriage was rapidly extracted from the furnace into the water-cooled 
quenching chamber by activating the mechanical screw drive. After quenching, the specimens 
were taken out of the furnace and prepared for scanning electron microscopy (SEM) analysis and 
electron dispersive spectroscopy (EDS) using a Hitachi S-3700N coupled with a Bruker XFlash 
Detector 4010. Still images were extracted from the video files, and from these the rate of 
spreading of slag (apparent contact angle) on the graphite substrate was quantified. 

Results 

Table II outlines the conditions of the experiments that were conducted and the duration of each 
experiment.  
 

Table II. Experimental Conditions 

Test no. Slag composition 
[mass pct. SiO2] 

Graphite 
Substrate 

Temperature 
[K] 

Duration 
[min] 

SG13 46 A 1823 150 

SG2 46 A 1873 120 

SG11 46 B 1823 140 

SG1 46 B 1873 150 

SG7 46 C 1823 120 

SG8 46 C 1873 60 

SG15 46 C 1873 210 

SG17 63 A 1823 160 

SG14 63 A 1873 60 

SG12 63 B 1823 25 

SG16 63 B 1873 60 

SG19 63 C 1823 210 

SG18 63 C 1873 60 

Wetting 

Figure 3 is comprised of snapshots at taken at time intervals during Run no. SG11 showing the 
reaction and dynamic wetting of Graphite B with 46 pct. SiO2 slag at 1823 K. After approximately 
1 minute, the slag pellet fused (t = 0) and formed a droplet on the graphite substrate as seen in (a). 
As molten slag was drawn into the pores by capillary action, the height of the droplet and apparent 
contact angle decreased dramatically (within 20 minutes), shown in (b). After this initial 
infiltration, the apparent contact angle decreased slightly until bubble formation started occurring 
(c). Eventually, bubble formation attenuated and the droplet continued spreading, reaching a 
maximum by 140 minutes. 
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(a) t = 0 min (b) t = 20 min (c) t = 103 min (d) t = 140 min 

Figure 3. The spreading of 46 pct. SiO2 slag on Graphite B at 1823 K. 
 
The apparent contact angle as a function of time for the two slag compositions on each graphite 
substrate were recorded. Figure 5 shows the apparent contact angle on the three graphite grades at 
1873 K for both slag types. In Figure 5(a), the spreading behavior of 46 pct. SiO2 slag is seen to 
be quite different on the various graphite materials. The apparent contact angle of the slags on 
Graphite A changes very rapidly, almost linearly.  
 
For the high-silica (63 pct. SiO2) slag, the spreading behavior is quite different than for the 46 pct. 
SiO2 slag, as seen in Figure 5(b): The apparent contact angles change much more rapidly on all 
graphite grades. In fact, for Graphite B, the apparent contact angle is low from the very start of the 
run. 

Infiltration 

As seen in Figure 2, the internal structures of the different graphite grades are quite different. The 
isostatically pressed graphite quality Graphite A has by far the finest and most homogeneous 
internal structure, exhibiting small, evenly sized and spaced pores. This is in contrast to Graphite 
B, which is a vibration-molded quality that has large, irregularly shaped pores of widely varying 
size and distribution. Graphite C, the extruded quality, has the highest open porosity (see Table I), 
yet has smaller and more evenly distributed pores than Graphite B. 
 
To examine the extent of infiltration, scanning electron microscopy (SEM) and electron dispersive 
spectroscopy (EDS) mapping were conducted for the elements oxygen, calcium, and silicon. It 
should first be noted that it does not appear that any SiO2 and CaO present as ash constituents are 
visible in the EDS mapping. Figure 6 shows infiltration of 63 pct. SiO2 slag at 1873 K into Graphite 
A. The spatial association of O, Ca is clear, but with deeper Si infiltration compared to O or Ca. 
Infiltration is deeper with the slag with high silica content. 

Discussion 

The Si–C–O system is rather complex with many possible reactions. At 1873 K, silica can be 
reduced in the presence of carbon. However, SiC can readily form under these conditions as well. 
It is conceivable that silica will directly react with graphite to form silicon carbide according to: 
 

 2SiO (l) + C(gr) = SiC(  (1) 
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(a) 46 pct. SiO2 slag (b) 63 pct. SiO2 slag 

Figure 5. Apparent contact angle as a function of time of on the different graphites at 1873 K. 

 

  

(a) SEM micrograph (b) Depth of O infiltration 

  

(c) Depth of Ca infiltration (d) Depth of Si infiltration 

Figure 6. SEM micrograph and EDS mapping showing extent of infiltration of 63 pct. SiO2 slag 
into Graphite A at 1873 K. 
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The reaction 

 2SiO (s,l) + C(gr) = Si(l) + 2CO(g)   

is not considered valid for the reason that Si and C cannot coexist in thermodynamic equilibrium 
due to the formation of SiC [1,11]. Moreover, silica is known to partially reduce to form silicon 
monoxide vapor. Fundamentally, this reaction can be written as: 
 

 2 2

1
SiO (l)  = SiO(g) + O (g)

2
 (2) 

With the oxygen potential being controlled by the reaction: 

 2

1
C(gr) + O (g) = CO(g)

2
 (3) 

Evidence was presented in a previous publication that silicon-bearing vapor species can react with 
graphite to form silicon carbide [1]. Silicon monoxide, for example, can react directly with carbon 
to form SiC according to: 
 

 SiO(g) + 3C(s) = 2SiC(  (4) 

Although SiO(g) is the dominant vapor species in terms of partial pressure, there are actually many 
other silicon-bearing vapor species [1,12]. The total effective vapor pressure in the Si–C–O system 
is considerable, and increases exponentially with increasing temperature [1]. 

Wetting and Infiltration 

There is wide disparity in the spreading behavior of 46 pct. SiO2 slag on the different graphite 
grades. The increase in spreading rate of slags on the graphite substrates with higher temperature 
is likely attributed to the increased reaction kinetics of Eq. (1). 
For the high-silica (63 pct. SiO2) slag, the spreading behavior is different than for the 46 pct. SiO2 
slag; the apparent contact angles change much more rapidly on all graphite grades. Thus it is 
evident that the slag composition plays an important role in wetting. Since the silica in this case is 
in solution, its activity is dependent on concentration. Thus, it is expected that a higher silica 
activity in the slag will yield a greater driving force the reaction shown in Eq. (1) to take place; 
this is in line with observations made by Sahajwalla, Mehta, and Khanna [2,8]. The 63 pct. SiO2 
slag at 1873 K is very close to the liquid–cristobalite phase boundary, i.e. the silica activity is near 
unity for this slag composition. 
 
The extent of infiltration also appears to increase at higher temperature, and is greatly influenced 
by silica content. Infiltration depths of O, Ca, and Si are greater with the 63 pct. SiO2 slag. Liquid 
slag itself is able to penetrate the open pores in the graphite substrate near the interface, the extent 
of which is indicated by the depth of Ca and O infiltration. The wide disparity in infiltration in the 
graphite grades can be attributed to open porosity, pore morphology, and reactivity of the graphite. 
Additionally, a higher total effective vapor pressure of silicon could enhance silicon infiltration. 
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Conclusions 

Wetting of graphite by CaO–SiO2 slag has been found to be quite complex. Some salient 
conclusions can be drawn from the current study: 

 
1. The wetting and infiltration behavior of slag with graphite is highly material dependent. 

Synthetic graphites are not simple materials: the graphite recipe, grain size, open porosity, pore 
distribution, reactivity, and manufacturing method all come into play. 

2. Temperature and silica activity of the slag have a major influence on how slag spreads and 
infiltrates. The higher the temperature and silica content, the greater the slag infiltration, and 
the faster the rate of spreading. 

3. Reactions that generate gaseous products occurred during spreading of slag on graphite as 
evidenced by the observation of bubble formation, with the exception of Graphite C. Silicon 
infiltrated into the graphite substrates much deeper than the slag phase, indicating gas-phase 
transport of silicon-bearing vapor species. 

4. Reduction of silica in the slag near the interface may lead to passivation by formation of a solid 
CaO-rich layer. halting the reaction at the interface and infiltration by forming a diffusion 
barrier, effectively passivating the interface. 

 
An immediate industrial application of this knowledge is “slag washing” of graphite refractory can 
be an effective way of passivation to extend the lifespan of the refractory. How amenable a 
particular graphite is to passivation is not straightforward just judging by grain size and open 
porosity. For this application good wetting is preferred, with adequate penetration and stable 
passive layer formation to “seal” the graphite. 
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Abstract 

 
Wetting angle and spreading rate between slags and refractory ceramics such as Al2O3, MgO, 
MgO-C or SiC have been recently determined by using dispensed drop technic with a high 
speed camera. Intrinsic value of wetting angle and the effect of reactions on wetting and 
spreading are reviewed and discussed.  Role of carbide or graphite in refractories are also 
reviewed when these were in contact with reducible slags. Driving force for spreading and a 
spreading model (non-reactive viscous model) are discussed. 
 

Introduction 
 
It is important to know wetting and spreading phenomena between slags and refractories. 
This knowledge provides a better understanding of inclusion removal of refractory ceramics 
where they are indigenously or exogenously formed during steelmaking, and of penetration 
behavior of slags into refractories which causes degradation [1, 2]. 
 
The penetration behavior is considerably affected by wetting and spreading of liquid slag on 
refractory material as shown in Eq. (1) [2]. 

h = ( r 

where h is depth of penetration, r is radius of pore of refractory,  is surface tension of slag, 

is wetting angle between slag and refractory,  is viscosity of slag, and t is time. 

 
Although the values of surface tension and viscosity of slag can be easily found, the contact 
angles cannot be obtained in open literatures due to difficulty of the measurement. The 
conventional sessile drop technic has some limitation to obtain an intrinsic angle since a 
reaction can be occurred while temperature elevates.  
 
Several successful measurements have been carried out by using the dispensed drop technic. 
[3, 4] Recently, the dispensed drop technic with a high speed camera provided intrinsic 
values both of wetting angle and spreading rate for the system between slags and Al2O3, MgO, 
MgO-C or SiC [5-8] In those studies,  reactive  wetting  was  quantitatively considered 
[5, 6, 8]. 
 
Wettability is divided into two categories: non-reactive wetting and reactive wetting. In non-
reactive wetting, mass transfer through the solid/liquid interface is very limited and the 
wetting is mostly driven by the physical forces such as inertial, gravitational, and viscous 
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force. In reactive wetting, wettability is strongly influenced by the reaction at the solid/liquid 
interface such as diffusion and the formation of intermediate compounds or bubbles at the 
interface.  
 
In most non-reactive wetting, spreading of droplet is either inertial force dominant spreading 
or viscous force dominant spreading. In inertial spreading for low viscosity liquid, local 
equilibrium is rapidly established at the triple line, thus the contact angle approaches the 
equilibrium angle immediately. Then, spreading is controlled by inertial force due to the 
Laplace pressure difference caused by the curvature difference between the bulk and the 
region near the triple line. On the other hand, viscous spreading is controlled by viscous 
friction inside the droplet and the dissipation of energy at the triple line of the droplet. The 
driving force in this case is the change in the surface and the interfacial energy of the system 
caused by the displacement of the triple line [9, 10]. 
 
In this paper, wetting phenomena between slags and refractory ceramics such as Al2O3, MgO, 
MgO-C or SiC are reviewed and the intrinsic contact angles are discussed based on a 
comparison of the similar systems; oxide ceramics and C containing ceramics. Spreading 
phenomena by De Gennes’s non-reactive model are also reviewed for systems between oxide 
ceramics and slags [11]. 

 
Experimental Methods 

 
The slag and substrate were separately heated and the molten liquid droplet of slag was 
dispensed onto the substrate by the push bar, so droplet was contacted with substrate in 
isothermal condition (Fig.1). The distance between crucible and solid substrate was carefully 
set to 1cm for each run to maintain consistent droplet shape. A high speed camera was used 
to capture the images of the initial wetting and spreading behaviors. 
 
The chamber was sealed and evacuated to 2.0 x 10-2 tor using a rotary vacuum pump and 
filled with 99.999wt% Ar gas. This process was repeated more than three times. Then the 

chamber was heated up to 1600  at the rate of 10 /min. When the droplet contacts the 
substrate, the high speed camera was used to capture the initial contact angle at 1000~1500 
frame/s. 

 
Fig. 1 Schematics of experimental apparatus of dispensed drop technic 
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Results and Discussion 
 
1. Intrinsic wetting angle between slags and oxide ceramics 
 
Most popular oxide refractory ceramics used for steelmaking are mainly composed with 
Al2O3 or MgO. An intrinsic value of wetting angle is not easy to obtain due to a reaction 
between two solid-liquid oxides. Dissolution of refractory component into slag occurs in 
most cases. Therefore, in order to remove the dissolution effect, a saturation condition is 
required. Kim et al. [5] measured wetting angle between single crystal Al2O3 and CaO-Al2O3 
binary slag at saturated and non-saturated condition at 1550oC as can be seen in Fig. 2. The 
compositions of Al2O3 were 57.9 wt% at saturated condition and 42.8 wt% at non-saturated 
condition, respectively. The apparent wetting angle rapidly decreases to almost 20 ° within 1 
second. From 0 to 3 seconds, the apparent contact angle of the two kinds of slag is similar. 
After 3 s, the apparent contact angle of the saturated slag slowly reaches to 17 °. In contrast, 
that of the non-saturated slag slowly decreases to the angle less than 17 °. The lower value for 
the non-saturated slag was induced by a crater formation at the substrate due to dissolution 
during the spreading as can be seen in Fig. 3 (b). 

 
Fig. 2 Apparent wetting angles between two kinds of slag droplet and Al2O3 single crystal 

at 1550oC [5] 
 

  
Fig. 3 Stereoscopic microscope image of cross section. (a) Saturated slag and Al2O3 

substrate. (b) Non-saturated slag and Al2O3 substrate. [5] 
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Similar study has been carried out for the system MgO and CaO-SiO2 (50: 50 in weight) slag, 
of which condition was non-saturated. Park et al. [6] determined wetting angle between MgO 
and CaO-SiO2 slag by using single crystal and poly crystal of MgO at 1600oC. As can be seen 
in Fig. 4(a), the wetting angle of single crystal rapidly decreased to the equilibrium angle 
(about 5°) within 0.5 seconds which is much lower and faster than the one of Al2O3. They 
found 7% increase of MgO content in the slag after quenching but did not find any formation 
of the crater so that the interface remained to be flat after spreading. 
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Fig. 4 Initial wetting angles of slag droplet on MgO single and poly crystal substrates at 

1600oC.[6] 
 
2. Reactive wetting between slags and C containing refractory ceramics. 
    
Carbon is used for refractory as carbide or graphite. Silicon carbide is of great technological 
interest because of its good mechanical properties, high thermal conductivity, and good 
thermal shock resistance. MgO-C is also widely used due to its excellent chemical corrosion 
resistance, thermal resistance and mechanical properties. However, refractories containing C 
can be reacted with reducible slag components such as FeO, MnO and possibly SiO2 at 
steelmaking temperature. 
 
Recently, wetting angle has been measured with various CaO-SiO2-MnO slags [8]. Figure 5 
shows the changes of contact angle at C/S = 0.8, in which the contact angle rapidly decreases 
with time, reaches 30 degrees within 1 second, and slowly decreases to 20 degrees in 20 
seconds. While this overall tendency is observed in both cases of two different MnO contents 
(about 12.5% vs 37.9%), a significant variation of contact angle occurs at 8 seconds in the 
case of 37.9% MnO. This abrupt change in contact angle reflects the bubble formation at the 
interface. Based on thermodynamic consideration, the bubble formation reactions can be 
suggested as follows [12]: 
 

SiC(s) + 3 MnO (in slag) = SiO2(in slag) + 3Mn(g) + CO(g) G 963120-474T(J/mol) (2) 
 

SiC + MnO (in slag) = SiO(g) + Mn(g) + C G 605630 - 276T(J/mol) (3) 
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SiC(s) + 2SiO2 (in slag) = 3SiO(g) + CO(g) G 1457790 - 692T(J/mol) (4) 
 

 
Fig. 5 Apparent wetting angles of slags on SiC substrates at 1550oC at different MnO 

content[8] 
 

Graphite plays an important role in chemical corrosion where it provides poor wettability to 
slags. Figure 6 clearly shows the changes of wetting angles of CaO-55%SiO2 slags in contact 
with different content of carbon in MgO-C. The initial contact angles were 115° for the pure 
graphite, 92° for MgO-17%C and 40° for MgO-4%C, showing that the contact angle 
increased with increasing carbon content in MgO-C. A slight decrease in the wetting angle of 
MgO-17%C as time passes can be understood from the following reactions [7]:  
 

MgO(s) + C(s) = Mg(g) + CO(g) G◦= 619,800 – 292.5T(J/mol)   (5) 
 

SiO2(l) + C(s) = SiO(g) + CO(g) G◦= 198,899 – 199.4T(J/mol)  (6) 
 
In this case, we did not find bubble formation which was found in SiC case. The reason could 
be either because the slag was in poor contact with MgO-17%C, or because the reactions 
proceeded very slowly. 
 

 
 

Fig. 6 Apparent wetting angles between CaO-SiO2 slag and MgO-C substrates at 1600oC [7] 
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Values of the initial contact angle and the observed reactions are summarized in Table 1.  
 

Table 1. Initial contact angles between slags and refractory ceramics 
 Al2O3 

(1550oC) 
MgO 

(1600oC) 
SiC 

(1550oC) 
C 

(1600oC) 
MgO-
17%C 

(1600oC) 

MgO-
4%C 

(1600oC) 

Reaction remarks 

CaO-
57.9%Al2O3 

20 - - - - - - 

CaO-42.8% 
Al2O3 

17 - - - - - Dissolution 
[Crater formation] 

CaO-50% 
SiO2 

- <5 - - - - Dissolution 
[No Crater formation] 

CaO-SiO2-
12.5%MnO 
(C/S=0.8) 

- - 20 - - - - 

CaO-SiO2-
37.9%MnO 
(C/S=0.8) 

- - 20 ~ 40 - - - Bubble Formation 

CaO-55% 
SiO2 

- - - 115 92 40 - 

 
3. Driving force for spreading between slags and oxide ceramics 
 
Slags and oxide refractory ceramics promptly wet each other. Spreading nature can be 

discussed in this case. When θ 90 ˚, the ratio of inertial force to viscous force is given by  
 

 ,                  (7) 

where  is the inertial force,  is the viscous force,  is the density,  is the 

liquid/vapor surface tension,  is the viscosity,  is the contact angle, and  is the droplet 

radius[13]. The ratio can be used as a measure to determine which effect is dominant in the 

spreading. As shown in Fig. 7, the viscous force is dominant over the inertial force thro

ughout the spreading for both systems. [5, 6] 
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Fig. 7 The ratio of inertial to viscous force for Al2O3/CaO- Al2O3(a) and for MgO/CaO-SiO2(b). 
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4. Non-reactive viscous model for spreading rate. 
 
As previously mentioned, viscous force was dominant during the early stage of the spreading. 
And, variation of wetting angle and spreading radius with time for the saturated slag with 
alumina (there was no reaction) was not significantly different from the ones for the non-
saturated slag (there was a dissolution reaction). De Gennes’s non-reactive model can be 
applied to the spreading of the slag droplets [9]. The non-reactive viscous equation is given 
by 

     (8) 

  .        (9) 

 
 This equation is valid for θ<90°. For θ <45 °, the tan  is replaced by   and the cos  by 
(1-  2/2) as a good approximation so the Eq. (8) becomes Eq. (9). U is spreading rate, σLV is 

the liquid/vapor surface tension (J/m2), η is the viscosity (Pa s),  is the contact angle,  F 

is the final contact angle at 20 s ( ), and K(ln 

) is 10.  
 
The experimental spreading rate evaluated by droplet radius and the theoretical value 

calculated by De Gennes’s equation are compared. Fig. 8 shows the experimentally obtained 

spreading rate and theoretical spreading rate against contact angle for Al2O3/CaO- Al2O3 s

ystem (a) and for MgO/CaO-SiO2(b). The experimental values are in good agreement with 

the theoretical values. It means that although dissolution occurs during spreading, wettability 

between oxide slags and solid oxides are strong so that spreading behavior appears to be a 

non-reactive system. 
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Fig. 8 Measured and theoretical spreading rate for Al2O3/CaO- Al2O3(a) and for MgO/CaO-

SiO2(b) based on non-reactive viscous spreading model[5,6] 

579



Conclusions 
 
1) Initial contact angle between CaO-Al2O3 slag and Al2O3 at dissolutive condition resulted 
in 3o lower than the one (20o) at saturated condition due to a crater formation during 
spreading of the slag. Initial contact angle between CaO-SiO2 slag and MgO rapidly 
decreased to the equilibrium angle (about 5°) within 0.5 seconds which is much lower and 
faster than the one of Al2O3. 
 
2) SiC in refractory reacted with reducible slags during spreading and created a bubble and C  
in MgO provided poor wettability against slags as its content increased. 
 
3) Viscous spreading was dominant for wettings between CaO-SiO2/MgO and CaO-Al2O3 
/Al2O3. In both systems, experimentally obtained spreading rate agrees with the calculated 
value using the viscous model, which suggests that the initial spreading can be regarded as 
non-reactive wetting controlled by viscous friction. 
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ABSTRACT 

A generic model was conceived for predicting the diffusion coefficient of species in slag. The 
diffusion coefficient of sulfur in CaO-Al2O3-SiO2 slag with low silica was measured using a 
combinational technique of the generic model and experiments. The uniqueness of the 
experiments was in the method of collecting samples. Another milestone was that the
diffusion coefficient of sulfur in the slag was obtained through the sulfur levels in the metal 
(silver). Later the order of magnitude of the diffusion coefficient of sulfur in slag was used to 
estimate the time required for sulfur to reach the slag- metal interface of an iron drop 
immersed in CaO-Al2O3-FeO-SiO2 slag. This estimated time for arrival of sulfur at the 
interface was comparable to the actual observation. The current paper describes the 
challenges in measuring the diffusion coefficient of sulfur. It also describes the time estimates 
calculated based on the X-ray image for sulfur to reach the slag-metal interface. 

INTRODUCTION 

System dynamics pertaining to any process is difficult to assimilate due to its complexity. 
The perfect understanding of any process is usually carried out by dissecting it into sub 
processes and apart from understanding these individual processes, the knowledge of the 
linkage between them also becomes critical. On a lab scale, significant studies have been 
made regarding processes/ phenomena involving the slag-metal interface like sulfur, 
phosphorous or oxygen transport 1-4. In most of these studies, there are extensive interactions
at the slag-metal interface owing to which there is significant shape change of the drop(s). In 
the current study we look into the sulfur transport from the gaseous media to the metal via a 
slag phase. This involves dissociation of the sulfur dioxide gas used to sulfur gas, 
electrochemical reaction at the gas-slag interface by virtue of which it enters the slag as sulfur 
ions, its transport through the slag media , electrochemical reaction at the slag-metal interface 
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where the sulfur ions are converted to sulfur atoms and finally transport of sulfur atoms in the 
metal media.  
 
The aim of the study is to find the effect of sulfur on interfacial tension at the slag-metal 
interface. In the sub processes explained earlier, the rate determining step for sulfur to reach 
the slag-metal interface is the transport of sulfur through the slag and metal phases. In order 
to capture the dynamic effect of sulfur on the profile of the slag metal interface, the time 
required for the sulfur to reach the interface is of extreme importance.  

As sulfur is in its ionic state in slag, its transport through slag would be a result of making 
and breaking of bonds and hence it should be slower in comparison to its transport in the 
metallic phase (where it prevails as an atom). This is reflected in the values obtained by 
various researchers for the diffusion of species in the metal as well as slag phases. As a rule 
of thumb, the transport of species in the ionic state is two orders of magnitude slower than the 
same species in its atomic configuration.   

The paper describe in brief the experimentation required for calculating the diffusion 
coefficient of sulfur in slag as well as its help in x ray recording events occurring at the slag –
metal interface due to the presence of sulfur. 
 
SULFUR DIFFUSION COEFFICIENT IN SLAG – METHODOLOGY 
 
Traditional experiments to determine the diffusivity of species in slag involves rapid 
quenching after sufficient equilibration time between the specie “rich” slag and the slag 
undergoing analysis 5,6. The concentration profile of the specie as a function of time and 
distance is indicative of the diffusivity.  This method may not be accurate enough as rapid 
quenching could induce convective currents hence disturbing the actual readings. In this 
regard it was decided to go for insitu measurements of species in slag. The focus was given 
on sulfur diffusivity as this value would help in determining the time taken for sulfur to travel 
through a fixed slag height, enabling X-ray videography of the process. 
 
The diffusivity of sulfur was determined using a unique combination of modelling and 
experiments. The prime assumption was that the concentration of sulfur in the metal phase is 
uniform. This depends on the coefficient of diffusivity in the metal with respect to slag. Two 
conditions of the model were considered; the first with the assumption that sulfur 
concentration was uniform in the metal and the second in which the diffusivity in both the 
metal and slag phase were considered. Comparison between these two conditions gives the 
error of the estimation of diffusivity using this approach.  

In the model, real time parameters like partition ratio, sulphide capacity, density were used 7-

9. The only unknown was the diffusivity of sulfur in slag. This was assumed to have the order 
of magnitude of 10-6cm3/s which is typical for slags. The concentration profile of sulfur as a 
function of time was generated using the model and was later compared with actual sampling 
concentrations taken through experiments. This value was later refined so that the 
concentration points experimentally determined were closely located on the curve obtained 
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by the model. Further details on the model are available in previously published works by the 
authors 10.  
   
EXPERIMENTAL HURDLES 
 
The experimental evaluation of the sulfur diffusivity posed many challenges. The prime 
challenge was the crucible design. Since the methodology was to collect insitu samples of 
metal without disturbing the slag layer, the design and fabrication of the crucible was 
complicated. In the final design, it consisted of a central tube with holes at the bottom and 
this tube was surrounded by another crucible. Figure 1 shows the crucible design. The metal 
and the slag were loaded in the annular region at a height well-above the height of the holes 
in the central central tube. Once the metal was melted, it would fill the central chamber 
through which sampling was facilitated. Both the annular region as well as the central 
chamber were purged with argon. Armco iron was chosen as the crucible material to hold 
both the metal phase and the slag.  

 

Figure 1: Schematic of the crucible design used for diffusivity measurements. 

Once the material for the crucible was finalized, the next critical component to be decided 
was the metal. The metal should have low solubility for iron and vice versa. Since the 
maximum operational temperature was limited to about 50 degrees lower than the melting 
point of iron, a low melting metal was required. Silver was chosen as the metal. The 
solubility of Ag in Fe could be neglected. 
 
Both sulfur as well as oxygen have a good tendency to dissolve in iron; hence the partial 
pressures of these needs to be controlled stringently. Using a gaseous combination proved 
impossible to meet these partial pressure requirements. After a thorough study, it was decided 
to use CaS as the source for sulfur. Since the density of CaS is lower than the metal and the 
slag, it would float on the slag surface providing a constant source for sulfur. At the 
temperature of interest CaS is solid. 
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The experimental set up showing the furnace, crucible along with other arrangements is 
shown in Figure 2. During the heating stage of the metal the sulfur source was kept away 
from the slag surface. Once the desired temperature is reached, the sulfur source was lowered 
down to have contact with the slag surface. This was taken as the zero time for the sulfur 
diffusion process. Samples are then taken at random time frames; they were then sent for 
sulfur analysis to NILAB AB and the concentration profiles are plotted. A detailed 
description of the set up as well as experimental procedure is given elsewhere 11. 

 

Figure 2: Layout of the furnace, crucible and other related connections 11 

    

RESULTS 
 
The composition of the slag used is 51.5% CaO- 9.6% SiO2- 38.9% Al2O3. As mentioned in 
earlier section, the concentration of sulfur was measured in silver samples taken at various 
time intervals. The concentration profile using the model was also obtained 11. Sulfur 
concentration variation with time is shown in Table 1. The slag density and partition ratio at 
the slag metal interface was measured separately.9,10,11 The only unknown in the model was 
the diffusion coefficient of sulfur in slag. This term in the model was later fine-tuned to 
obtain a better agreement with the experimental results. Figures 3 show the concentration of 
sulfur in the metal as per the model curve and the experimental points at temperature 1723 K. 
The order of magnitude was similar to that obtained by earlier researchers 5.  
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Table I. Sulfur concentration in silver metal during the diffusion experiments repeated at 
1723 K. Sampling time is from the time CaS was introduced into the system. 

Sampling time  (seconds) Concentration of sulfur in silver metal (ppm) 
First trial Second trial 

18600 9.7 - 
20100 16 15.6 
21600 20.2 19.9 
  

 

Figure 3: Concentration profile of sulfur in metal as a function of time; experimental (dots) 
and models values (curve) 11. 
 
X-RAY CAPTURE AND CALCULATIONS 
 
An independent experiment to study the effect of sulfur at the slag-metal interface was 
conducted. This involves the sulfur to be introduced in to the furnace in its gaseous form later 
dissolving in slag and slowly diffusing through the slag till it reaches the slag –metal 
interface. The slag-gas interface was a concave surface while the slag-metal interface was 
convex in nature. This leads to varying distances for the sulfur to travel till it reaches the slag-
metal interface from the gas media. Since sulfur is a surfactant for the metal phase, as soon as 
it reaches the slag-metal interface, the interfacial tension decreases locally. This leads to the 
interface oscillations which could be observed using an X-ray set up in its video mode. Since 
there is a limitation in the minutes of video recording, it is required to know the approximate 
time at which the sulfur would reach the interface. From the X-ray image, it is possible to 
measure the thickness of the slag layer and hence, if one knows the diffusion coefficient, it is 
possible to estimate the time taken to reach the slag-metal interface. Figure 4(a) and (b) show 
the schematic of the process described as well as an X-ray image of the metal drop 
surrounded by slag 12. 
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In order to avoid change in slag composition during melting, the slag was saturated with 
Al2O3. The composition of the slag was taken as 22.9% CaO- 51.4% Al2O3- 18% SiO2- 5% 
FeO.  

 

Figure 4: (a) Schematic of sulfur movement from slag phase to metal phase. X-ray image of 
the sessile drop of iron surrounded by CaO-Al2O3- FeO-SiO2 slag at 1823K. The drop height 
was measured to be 5.16 mm and width was 9.03 mm respectively. 

The slag layer height above the slag-metal interface was calculated to be approximately 
2.23mm. Earlier, the diffusion coefficient of sulfur in CaO-Al2O3-SiO2 slag at 1723 K was 
evaluated to be 4.14 X 10-6 cm3/s. Assuming a similar order of magnitude of sulfur diffusion 
coefficient in the slag, the time taken for sulfur to travel this slag thickness and reach the 
slag-metal interface was estimated as 453 seconds. Figure 5 shows that the change in contact 
angle which is indicative of drop oscillations start roughly at 400 seconds. This is in line with 
the value predicted by earlier calculations.  
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Figure 5: Contact angle variation with respect to time from sulfur introduction into the system 
12. 
 
 

CONCLUSION 
 

Diffusion coefficient of sulfur in CaO-Al2O3- SiO2 slag was evaluated using a combination of 
modelling and experimentation. The value of the diffusivity of sulfur in slag was the only 
unknown in the model. The model was later refined by a comparison between the 
concentration profile of sulfur and time both experimentally and as per the model. The order 
of magnitude of the value obtained was similar to that reported by others. This value was 
later used to record the surface velocity of sulfur at the slag-metal interface via X-ray 
videography observed by interfacial oscillations due to sulfur concentration variation at the 
slag-metal interface.  
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Abstract 

 
The transient behavior of the immiscible two liquids interface, which is initiated by the 

rising gas bubble was investigated using Smoothed Particle Hydrodynamics (SPH) model. This 
developed numerical method is using fully Lagrangian particle-based model, which can track the 
movement of both the gas and the liquid phase directly. Numerical simulations have been 
performed for different conditions corresponding to different values of  number, and the 
predicted topological changes as well as the theoretical pressure and interfacial shape of bubbles 
are validated. In the case of immiscible two liquids, the column of a lower liquid phase penetrating 
into the upper liquid phase influences interface area, whose shape strongly depends on the wake 
flow pattern of a bubble. Thus, the dynamic balance between the buoyancy and the liquid-liquid 
interfacial tension determines an interface area. Under higher surface tension condition, such as 
molten metal-slag system, the liquid-liquid interface shape is greatly influenced by the fluctuation 
of a bubble. Then, non-linearly changed interface shape can be observed, indicating that this shape 
becomes easily unstable by slight change of the curvature. 
 

Introduction 
 

In the high-temperature metallurgical processes, the molten metal-slag interface plays an 
important role in increasing the efficiency of the refining process. Given the immiscibility of these 
two liquids typically involved, stirring is usually achieved by a flow of gas, i.e. the gas injected 
into a steelmaking converter accelerates the decarburization reaction by increasing molten metal-
slag interface area. An effective method for increasing the interfacial area between the molten 
metal and slag phases is to emulsify the lower metal phase into the upper slag phase as “metal 
droplets” [1, 2]. The behavior of gas bubbles when they are passed through the molten metal-slag 
interface is intimately associated with the overall reaction rate. Unfortunately, droplets of a molten 
metal are usually suspended in the slag phase; a phenomenon referred to as “mechanical slag loss”. 
This “slag loss” should be reduced for resource saving, thus the control of the shape of liquid-
liquid interface has been strongly required over the past decades. However, despite of its 
importance, the behavior of interfacial boundary between the metal and the slag has not been well 
understood. It is still difficult to accurately predict from the limited experimental data alone the 
actual molten metal-slag interface behavior at the temperature higher than 1773 K in steelmaking 
process. Direct observation of the dynamic behavior of a molten metal-slag boundary has been 
also difficult due to an extremely limited observation domain [3]; i.e., the behavior of a three-
dimensional bubble cannot be clarified from two-dimensional image analysis. Reiter et al. [4,5] 
performed a non-dimensional analysis by using the entrainment phenomena observed in a cold 
scale model (water-oil-nitrogen system etc.) and quantitatively relate mass transfer to physical 
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entrainment; however, the liquid-liquid interfacial shape in this case was estimated by local 
rotational symmetry approximation, and the accuracy of this procedure was not described in details. 
The behavior at the gas-liquid-liquid interface depends greatly on the physical properties of the 
fluid such as density, viscosity, and interfacial tension. Thus, the accurate prediction of a transient 
liquid-liquid interface behavior is not possible by using cold model, because the physical 
properties of a high temperature fluid are often very different from those at room temperature. 

Recently, three-dimensional fluid simulation has received considerable attention. It was 
used to analyze the above mentioned problem in the chemical industry. In order to describe the 
dispersed phase movement, the most instinctive approach is mesh-free particle simulation method, 
such as the Smoothed Particle Hydrodynamics (SPH) method [6-8]. The SPH method is one of 
fully-Lagrangian approaches which does not use grids, and discretizes fluid by moving particles, 
and numerical diffusion does not exist even for the dispersed phase. It involves no interface 
reconstruction steps, and an applied algorithm is very simple if a fully explicit procedure is used. 
Recently, SPH has been often applied for the description of dynamics of multiple-fluid flows by 
using improved interfacial representation [9-11] We first attempt to observe the gas-liquid-liquid 
interfaces behavior using low-melting point metal and salt. Then, detailed analysis of three-
dimensional simulations of a gas bubble penetrating through the interface of two immiscible 
liquids is carried out in order to predict the influence of various physical properties on the above-
mentioned refining efficiency. 
 

Observation of Interface Behavior between Sn and LiCl–KCl Due to Rising Gas Bubble 
 
Experimental setup 
 

To understand the dynamic behavior of a liquid–liquid–gas interface, direct optical 
observation of an interfacial flow in a wide domain is necessary. However, for example, the 
physical properties of water ( , ) and oil ( , 

) phases are too different for comparison with Fe ( , 
) and slag ( , ) systems. The two immiscible melts of a 

low–melting–point metal and molten salt system are particularly interesting. A molten salt is clear 
and chemically stable, and it is possible to design the values of the physical properties. In this 
study, a LiCl–KCl eutectic melt (LiCl:KCl = 59:41 mol%, m.p. = 625 K), which is widely used 
for electrolysis, is employed as the “slag phase”. Molten Sn is used as the “metal phase” because 
its density is close to that of liquid Fe and Cu. The advantage of this system is the widely available 
thermodynamic data and thermal stability in a wide temperature range (650–900 K). To simulate 
the various interfacial flow modes, we focus on the temperature dependence of the physical 
properties. This attempt is made to clarify the sensitivity of the interfacial flow to changes in the 
physical properties (especially density and surface tension; viscosity changes can be ignored). A 
borosilicate glass crucible 100 mm in diameter and 250 mm in height was employed. The gas 
injection nozzle was also made of borosilicate glass; its outer diameter and thickness are 6.0 and 
1.0 mm, respectively. Sn shot (1,500 g) with a purity of 99.9 mass% was placed in the crucible. 
Approximately 520 g of eutectic salts (LiCl: >99 mass%, KCl: >99.5 mass%, Wako Chemical Co.) 
were mixed and placed on the Sn. The electric resistance furnace was designed to observe 
phenomena in the interior directly. The interface temperature was measured with a K–type 
thermocouple with a glass protection tube. The salt was dehydrated in vacuum at 573 K or lower 
temperature. After one night, it was continuously heated to the desired melt temperature in an 
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argon gas atmosphere. After the materials melted completely, Ar (>99.999%) gas was then blown 
through the glass pipe into the molten Sn at a desired gas flow rate using a mass flow controller 
(MQV9500, Azbil). Changes in the interface were recorded at a rate of 500–1000 frames per 
second and a resolution of 1024 × 1024 pixels using a high–speed video camera (Fastcam SA3 
model, Photron Co., Ltd.).  
 
Results and discussion 
 

Fig. 1 shows the behavior of the interface between molten Sn and the LiCl–KCl eutectic 
melt as a single Ar gas bubble rose. The interface temperature conditions were obtained from the 
values directly displayed on the digital multimeter. At 885.8 K (case 1), a single bubble reached 
the Sn–salt interface at t = 0.06 s. Then a “metal dome” appeared; i.e., the rising bubble started to 
modify the interface shape by pulling the Sn phase upward through the interface. At t = 0.12 s, this 
dome was ruptured, and the gas bubble started to penetrate the upper salt phase. After full 
penetration, the bubble rose up through the salt phase. The liquid–liquid interface was unsteady 
even after t = 0.30 s. At a lower temperature, the behaviors of the bubble were very different from 
those in case 1. At 729.3 K (case 2), a single bubble started to spring back when it reached the Sn–
salt interface (t = 0.12 s). The reason could be that, because of the lack of buoyancy force, a gas 
bubble cannot break through the Sn–salt interface with only one impact. At t = 0.18 s, the dome 
held the bubbles on the metal phase, and it ruptured at t = 0.30 s, after which bubbles penetrated 
the slag phase. The process in case 2 is summarized as follows: first, a bubble is lifted by buoyancy, 
and it springs back owing to interfacial tension after striking the interface once; then the dome 
breaks.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Observed behavior of single Ar gas bubble rising through liquid Sn–molten salt interface 
at various temperatures. Flow rate of Ar gas is controlled at 0.067 ml/s to generate an isometric 

single bubble. Each snapshot shows representative behavior in their temperature range. 
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The dependence of the detention time of the bubble in the Sn phase on the temperature is 
summarized in Fig. 2. The behavior described above as case 1 mainly appears only for T > 785 K. 
For T < 785 K, cases 2 could appear at every temperature. However, the detention time was long, 
in particular at 710 < T < 780 K. At the 700 < T < 800 K, the fluctuation range becomes relatively 
large. The Sn film stability would be contributed greatly on this fluctuation of bubble detention 
time. From the Grace’s diagram [12], a rising single bubble in molten Sn is in “wobbling” state. 
Due to its instability, the frequency of metal-salt interfacial fluctuation is not constant. Therefore, 
the error bar of detention time must be extended in interfacial tension dominant condition. On the 
other hand, in water-oil system, we see that the rising bubble starts to modify the water/oil interface 
by pulling the water phase upwards through the oil/water interface. The behavior at the gas-liquid-
liquid interface depends greatly on the physical properties of the fluid especially density and 
interfacial tension. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Temperature dependence of detention time of single Ar bubble in liquid Sn. 
 
 

SPH Numerical Simulation 
 

In this section we present SPH equations obtained from discretization of the Navier-Stokes 
equation governing a multiphase flow. We first describe the numerical scheme used in the present 
work, then modeling of the surface tension and interfacial tension is presented. 
 
SPH basic scheme and multiple fluid flow modeling 
 

In fully Lagrangian particle-based simulation, gas, liquid and solid phases are represented 
by a number of particles, which exhibit properties of each phase such as the composition, mass, 
and density. The basic idea of the SPH method is to introduce kernel function for flow quantities 
in such a way that fluid dynamics is represented by a set of particle evolution equations [7]. The 
governing equations for incompressible viscous flow are composed of the Navier–Stokes equation: 
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where  is the velocity,  is the time,  is the pressure,  is the viscosity ,  is the gravity, and  
is the surface tension, respectively. Here, the density approximation: 
 
    

 
This is very important in the SPH method since density basically determines particles distribution 
and the smoothing length evolution. In this approach, the density field is represented only by the 
spatial distribution of neighboring particles. Unless the number of particles changes, a total mass 
of the system is preserved. The right-hand side of Eq. (1) consists of the pressure gradient term, 
viscous term, gravity term, and surface tension term. Using the technique mentioned above, each 
term is discretized [13]. It is feasible to use an equation of state for the model the incompressible 
flow in this explicit scheme. In such a case, Tait’s equation of state is applied in most 
circumstances [14].  
 
 

   

 
where  is adiabatic exponent, equal to  for the liquid and  for the gas (Hashimoto 
et al, 2007),  is the reference density, and  is the sound speed, respectively. We have decided 
to use the Interparticle Potential (IP) approach to simulate numerically the surface tension. One 
advantage of this method is that complex calculations are not necessary because this model gives 
the surface tension between particles using the same algorithm as that used in the molecular 
dynamics. The particle-particle interaction force  is localized on the fluid interface by applying 
it to the fluid elements in the transition region of the interface. The surface tension is then converted 
into a force per unit volume using the relation. The interfacial tension between the two immiscible 
liquids A and B, , is expressed as [15]: 
 
    

 
where  and  are the surface tension coefficients of liquid A and B, respectively. The dynamics 
of the dispersed molten metal droplets in the slag phase may play a dominant role during the 
refining process and may contribute to the pressure oscillations. Therefore, neglecting the pressure 
fluctuation in impact flows may result in an incorrect approximation, particularly in predicting the 
short-time pressure characteristics. The pressure  is calculated from Tait’s equation as a function 
of local density , thus the smooth density field of a bulk phase gives continuous pressure 
distribution. Colagrossi and Landrini [16] introduced a density re-initialization procedure, called 
Moving-Least-Square (MLS) method, which improves the mass-area-density consistency and 
filters out small-scale pressure oscillations. MLS method is the most widely used 1st order 
consistent gradient approximation which allows to smooth pressure and its first derivative values 
are obtained by use of this method in homogenous bulk phase [17]. In this study, Least Square 
Interplant with Constraint condition (CLS) method is introduced, which gives more accurate 
approximation around sampling points than MLS method. 
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Results and discussion 
 

In Fig. 3 and Fig. 4 we compared the three-dimensional interface changes for each , and 
in Fig. 5 we compared the changes in the interfacial area of the liquid-liquid interface in time. 
Here, the liquid physical properties used are based on liquid water (A) and liquid oil (B), and the 
absolute values of  were multiplied by parameter  respectively, i.e. the densities of both 
liquids A and B are simultaneously given as , . Because our interest 
is in the influence of liquid properties on the liquid-liquid interface area, we simulate gas-liquid-
liquid system using the developed model. The main advantage of this approach is its instant 
prediction of the liquid-liquid interface area  from its initial condition  and the surface 
judgment function . 

 
 

   

 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Calculated snapshots of single gas bubble rising through the interface of a liquid phase A 
and B. In these simulation results, light grey interfaces are liquid phase A, black interfaces are 
gas phase, respectively. In order to help show the change of 3-dimensional interface, the liquid 
phase B is not displayed. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Calculated snapshots of single gas bubble rising through the interface of a liquid phase A 
and B with various liquid density ratio. Liquid density is set as  in each case. 
 

The flow fields of three phases are successfully calculated without unphysical mixing. In 
the case of , the rising bubble breaks the liquid-liquid interface at t = 0.3 s, and starts to 
change the interface shape by pulling the liquid A upwards. The “column” of liquid A is generated 
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below the bubble (t = 0.5 s), and penetrates fully into the upper liquid B layer before it finally 
collapses (t = 0.7 s). Thicker column is generated with increasing , whereas it is broken easily 
with decreased  except for . Because of the lack of buoyancy, the gas 
bubble which cannot break through the liquid-liquid interface, disperses and penetrates into upper 
phase along a wall side. The column growth depends on the bubble wake flow pattern. Thus, the 
dynamical balance between buoyancy force and liquid-liquid interfacial tension can determine the 
thickness of a column. The  is significantly increased with subsequent growth of the column after 
t = 0.3 s, thus higher  increases . On one hand, the interfacial area is stabilized after bubble’s 
penetration in time dependent on . On the other hand, for , dispersed bubbles stir 
liquid-liquid interface drastically despite of weak buoyancy. Although wettability of a solid wall 
is completely ignored in this study, it might also influence the liquid-liquid interface shape. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of the transient liquid-liquid interface area calculated for different value of 
the liquid density ratio .  
 

Conclusions 
 

The gas-liquid-liquid multi-phase flow was simulated using the SPH based multi-phase 
incompressible flow model, in which the gas phase and the liquid phase are directly discretized as 
particles. The advantage of this simulation model is a direct calculation in both of dispersed phase 
and continuous phase seamlessly. By applying this model to a gas-liquid-liquid system, the change 
of the liquid-liquid interface shape in time was demonstrated. Thereby this model estimates 
transient behavior of interface area by predicting the changes of liquid-liquid interface shape.  
 The column of lower liquid penetrating upper liquid phase influences interface area 
drastically. The column growth depends on the bubble wake flow pattern. The dynamical balance 
between buoyancy and liquid-liquid interfacial tension determines the column’s thickness. 
Significant increase of interface area can be seen under convection dominant (higher density and 
lower surface tension) conditions. However, for higher surface tension conditions such as one can 
encounters in molten metal-slag system, the liquid-liquid interface shape is greatly influenced by 
the fluctuation of a bubble. Then, non-linear changes of the interface shape can be seen, which 
mean that the slight change of curvature will affect the direction of the action of interfacial tention. 
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Abstract 

 
Two techniques were used to determine the surface characteristics of a molten fluoride-based salt. 
The maximum bubble pressure method was used to measure the surface tension of the molten salt. 
Regulated Ar-2%H2(g) was passed through a steel tube into a molten salt at high temperature. The 
surface tension of the gas-liquid interface was calculated by measuring the maximum pressure 
within the tube using a pressure transducer. Contact angles between the flux and solid interfaces 
were measured by imaging droplets of the molten flux on various surfaces using a camera with a 
high shutter speed. The camera took images of the high temperature sessile droplet on a solid 
surface through an optically clear pane. This image was processed through multiple software 
packages to determine the contact angle and surface tension between the solid-liquid interfaces. 
The surface properties measured were used to optimize the salt for electrolytic metals production 
processes. 
 

Introduction 
 
In order to design an efficient electrolysis process for metals production, an electrolytic cell must 
use materials that have optimal surface tension characteristics. This is a key requirement at 
electrodes where wetting between liquids and solids provides low contact and charge transfer 
resistances. In addition, the surface tension of the flux is a key physical property that also 
influences the fluid behavior and its interactions with the gas phase when bubbling is used to stir 
the flux. To characterize the surface tension behavior of molten flux, two different types of 
experiments were conducted: a). maximum bubble pressure experiment and b). sessile drop 
experiment. The former helps determine gas-liquid surface tension by blowing gas through a liquid 
[1]. The latter finds an equilibrium condition between gas-solid-liquid interfaces by observing the 
characteristics of a molten drop with respect to the surface it lies on and the gas surrounding it [1-
2]. However, these experiments, although simple in theory, can become very complex when 
attempted under high temperature conditions. In order to properly acquire the data, materials must 
be selected that do not interact and affect the experiment while being cost effective and safe. The 
nature of high temperature experiments quickly limits the range of materials that can be used over 
1000°C. To cope with these high temperatures, many experimental components were replaced 
with either steel or ceramic counterparts. Additionally, all experiments were designed to work in 
a reducing environment to prevent oxidation from altering the surfaces from their original 
condition. Running these experiments several times, the goal was to validate the effectiveness of 
these techniques in high temperature conditions in addition to acquiring data that would help 
characterize the materials for use in an electrolytic cell. 
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Experimental 

 
A. Maximum Bubble Pressure Setup 
Figure 1 shows the schematic of a maximum bubble pressure setup. The setup consists of mild 
steel crucible holding the molten salt that was heated to 1200°C. The steel crucible was selected 
because it is inert when exposed to a eutectic magnesium fluoride-calcium fluoride based molten 
salt while not introducing any impurities to the salt. This crucible was held in forming gas 
environment (98% argon-2% hydrogen gas by volume) to create a slightly reducing environment. 
The forming gas flowrate was 100 mL/min. 400 grams of powdered flux (45 wt% MgF2 – 55 wt% 
CaF2 containing 6 wt% CaO, 3wt% Al2O3 and 4 wt% YF3) was placed inside the crucible which 
was heated to the desired temperature for the measurement. To find the maximum bubble pressure, 
a 1/8” inner diameter, ¼” outer diameter stainless steel tube was immersed into the flux at differing 
heights below the surface of the flux. In line with the steel tube there was a pressure transducer 
and a source of the forming gas. The pressure transducer measured the bubble pressure when the 
gas line was opened and the gas was allowed to flow into the molten salt. 
 

 
Figure 1: Maximum Bubble Pressure Setup 

 
Procedure: Prior to the experiment, the powders were dried, massed into stoichiometric quantities, 
and dry mixed in a ball mill overnight. Then, the powders were put into the steel crucible and the 
unit was heated to the desired temperature. Once at temperature, the stainless steel tube was placed 
near the surface of the flux. A port was then opened, and the stainless steel tube was used to find 
the surface of the flux. This was accomplished by finding a location where the pressure was zero 
and just below the pressure spiked due to the liquid creating a back pressure. The stainless steel 
tube was immersed 1/8” below the surface of the flux and allowed to equilibrate. Once at 
equilibrium, the gas line was cracked open as little as possible to allow gas through at a very slow 
rate. The intent was to permit the least amount of gas through and observe the pressure changes 
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and record the peak pressure. To aid with this procedure, the pressure transducer signal was 
recorded in a laptop and the pressure was actively monitored. Once this was done, the stainless 
steel tube was lowered another 1/8” and the process was repeated. 
 
B. Maximum Bubble Pressure Chemicals, Materials, and Electronics 
Calcium fluoride (99.5%), magnesium fluoride (99.5%), calcium oxide (reagent grade), yttrium 
(III) fluoride (99.9%), and aluminum oxide (99.5%) were supplied by Alfa Aesar (Ward Hill, MA). 
The stainless steel tube and mild steel crucible were made from steel tubes and round supplied by 
McMaster-Carr (Robbinsville, NJ). The pressure transducer was a High Speed USB Output 
Pressure Transducer, rated for 0 to 5 PSIG (gauge PSI). It was acquired from OMEGA 
Engineering, Inc. (Stamford, Connecticut). 
 
C. Surface Tension Characteristics of a Gas-Liquid Interface 
The gas-liquid surface tension was characterized between the flux and the forming gas by passing 
the forming gas through the flux at varying heights. By viewing the system as having hydrostatic 
and surface tension components, γg/l can be calculated based on the following two equations: 
 

                                             (1) 

 

                                                 (2) 
 

Here, Pmax is the total pressure recorded by the pressure transducer. It is made of two separate 
components. The first component is the differential pressure created by the surface tension 
interaction between the liquid salt and the forming gas inside the bubble, Pst. Pst has two variables: 
γg/l, the gas-liquid surface tension, and reff, the effective radius of the tube that is used for gas flow. 
The second component of the first equation, Phydro, is the hydrostatic pressure in the system. This 
is composed of three values: ρ, the density of the flux, g, the acceleration due to gravity, and h, the 
height of the flux column. The second equation is used to compensate for the thermal expansion 
that occurs in the stainless steel tube when immersed at high temperatures for prolonged periods. 
The thermally expanded radius, reff, has three associated variables: r, the initial radius of the tube, 
αstainless, the coefficient of thermal expansion, and ΔT, the change in temperature from the start of 
the experiment. 
 
D. Post Experiment Data Analysis 
The data from the pressure transducer was recorded and exported by a software package supplied 
by OMEGA. This data was then analyzed in Microsoft Excel and sampled to find where bubble 
peaks occurred. Selecting an area of pressure peaks, an average value for peak pressure is acquired 
for every height. These values are then plotted to see the trend of pressure as a function of 
submersion depth. 
 
E. High Temperature Sessile Drop Setup 
Figure 2 shows the schematic for a high temperature sessile drop setup. The setup revolves around 
using a horizontal tube furnace heated to 1200°C. The sample is held in a horizontal alumina tube 
(3/4” inner diameter, 1” outer diameter) that is capped on both ends to create a slightly reducing 
environment. This is accomplished by purging forming gas (98% argon-2% hydrogen gas) into the 
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sealed tube. To hold the sample, an open top stainless steel crucible was made that holds 40 grams 
of silver. On top of the silver, a sample of the cathode substrate material was placed. For this 
particular experiment, the cathode material selected was titanium diboride. The design of the 
crucible serves two purposes. The first is to use the silver as a self-leveling mechanism in the event 
that the cathode material and salt sample are not perfectly vertical. The second is to catch any 
molten salt that might overflow the surface of the cathode material within the silver bath. On top 
of the cathode material, a sample of homogenized molten salt (45 wt% MgF2 – 55 wt% CaF2 
containing 6 wt% CaO, 3 wt% Al2O3 and 4 wt% YF3) was equilibrated, approximately weighing 
0.1 grams. This sample was made by solvent mixing the powders overnight, melting the powders, 
and then crushing the resulting salt block. The melting and powder crushing procedure was 
repeated up to three times to ensure homogeneity. At one end of the alumina tube, the end cap 
must be transparent to see the sample inside the furnace. For this particular experiment, an 
assembly was made that used two aluminum disks, a quartz viewing port, sealing gaskets, and 
tensioning screws. 
 
Procedure: A camera is then placed collinearly with the sample, inside the alumina tube, by using 
a scissor lift. The distance of the camera from the sample is adjusted along with focusing the lens 
prior to starting the experiment. To ensure that no distortion effects occur during the experiment, 
both the tube and the camera are made level and test images are taken to create a 2D image of the 
cathode material and salt sample. Prior to the experiment, the end cap was taken off and cleaned 
with ethanol. A picture was then taken of the sample to ensure optical clarity and final assembly 
collinearity. As the experiment progressed, the camera’s shutter speed was progressively decreased 
as the luminosity of the furnace kept increasing. At 1200°C, the camera was using a shutter speed 
of 1/4000th of a second. Five images were taken over the span of 15 minutes after permitting the 
system to equilibrate at 1200°C for over an hour. 

 
Figure 2: High Temperature Sessile Drop Setup 

 
F. High Temperature Sessile Drop Chemicals, Materials, and Electronics 
Calcium fluoride (99.5%), magnesium fluoride (99.5%), calcium oxide (reagent grade), yttrium 
(III) fluoride (99.9%), aluminum oxide (99.5%), and silver castings were supplied by Alfa Aesar 
(Ward Hill, MA). The stainless steel tube, stainless steel round, aluminum round, gasket seals, 
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socket cap hex screws, and quartz endcap were supplied by McMaster-Carr (Robbinsville, NJ). 
The camera used in the experiment was a Nikon D610 with a 24-85 mm VR lens acquired from 
Adorama (New York City, NY). The grease used to help make the seals airtight was DOW Corning 
high vacuum grease, supplied by DOW Chemicals. To support the camera, an 8” x 8” scissor lift 
was procured from Amazon. The furnace used to run this operation was a Barnstead Thermolyne 
21110 Horizontal Tube Furnace. The titanium diboride was provided by Infinium, Inc. (Natick, 
MA) and machined via wire-cut electrical discharge machining into a square shape. 
 
G. Sessile Drop Characteristics for a Molten Salt and Solid Substrate 
Given the three phase equilibrated system of cathode material, molten salt, and the gas, the contact 
angle (θ) can be used to relate all three surface tensions. This is shown in Equation 3. 
 

                                                      (3) 

 
Using the contact angle acquired and the previously calculated , (gas-liquid surface tension) 
the  (liquid-solid surface tension) can be found if a literature value for  (gas-solid surface 
tension) exists. By analyzing the contact angle, an assessment of the wettability between the liquid 
and the solid can be determined. 
 
H. Image Post Processing and Data Analysis 
After the pictures were taken, they were imported into Adobe Lightroom and modified to create a 
high level of contrast between the sessile drop and the background. The images were then 
converted into black and white, maintaining a high level of contrast. The images were subsequently 
imported into ImageJ. Contact angles for each image were then found by running the images 
through the DropSnake plugin. 

 
Results 

 
A. Maximum Bubble Pressure Results 
Figure 3 shows an example of the data produced when the tube was submerged half an inch into 
the molten salt. Note the repeating increasing pressure followed by a sudden drop. This cyclical 
behavior is indicative of bubbles forming and subsequently escaping. 
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Figure 3: Maximum Bubble Pressure Raw Data - 0.50" Depth 

 
Figure 4 shows a plot of peak pressure values per bubble event within the region highlighted in 
green. 

 
Figure 4: Peak Pressure Values - 0.50" Depth 

 
Using the values from the 0.50”, 0.75”, and 1.00” submersion depths, a plot can be made 
comparing immersion depth and peak pressure. This plot then provides a slope and a y-intercept 
as seen in Figure 5. Data is provided in Table I. 
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Figure 5: Tube Submersion Depth vs. Average Peak Pressure 

 
Table I: Tube Depth vs. Average Peak Pressure Data Values 

Tube Depth [in] Tube Depth [m] Peak Gauge Pressure [PSI] Peak Gauge Pressure [Pa] 
0.50 0.0127 0.0638 440.23 
0.75 0.01905 0.0909 626.42 
1.00 0.0254 0.1170 806.22 

 
Extrapolating the plot to the y-intercept gives a value of 75.305 pascals. This indicates that at zero 
hydrostatic pressure the total pressure, exerted only by the surface tension, is 73.305 pascals. 
Applying the condition of zero hydrostatic pressure to Equation 1, Equation 4 is created. 
 

                                                                 (4) 

 
Using equation 4, the y-intercept pressure, and the effective tube outer radius, the surface tension 
of the gas-liquid interface is calculated to be 121.95 mN/m. Applying statistical analysis, the 
standard deviation for this system is 9.29 mN/m. Thus, the surface tension of the gas-molten salt 
interface is 121.95 ± 9.29 mN/m. The relatively low surface tension value of our fluoride salt is 
similar to that of cryolite-based melts [3] and could be attributed to the lower melting point 
(~970°C) as measured by differential thermal analysis as seen in Figure 6.  
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Figure 6: Differential Scanning Calorimetry Data of the BU Salt (45 wt% MgF2 – 55 wt% CaF2 

containing 6 wt% CaO, 3wt% Al2O3 and 4 wt% YF3) 
 
Further analysis of the salt also shows that the flux has very low volatility 0.171 μg/cm^2*s 
indicating that the composition will not change during electrolysis. It is to be also noted that the 
low surface tension value of the flux would allow efficient gas-stirring of the melt.  
 
In addition to the surface tension, analyzing the slope of the submersion depth vs. maximum bubble 
pressure plot in Figure 5 provides data that can be used to calculate the density of the flux. Equating 
the slope to the second term of Equation 1, specifically ρ*g, a density of 2.94 g/cm^3 is found for 
the salt. 
  
B. High Temperature Sessile Drop Results 
Taking the images and processing them, contact angles were found over the course of 15 minutes. 
Each image was taken over a three minute interval. These images can be seen with contact angles 
in Figure 7 with data values supplied in Table II. 
 

 
Figure 7: Contact Angle of Flux Samples 
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Table II: Contact Angle Data for Flux Samples 

Sample Contact Angle [Degrees] 
1 8.473 
2 11.697 
3 10.739 
4 7.022 
5 8.839 

Average 9.354 
Standard Deviation 1.357 

 
The images analysis show that the contact angle is 9.354°±1.357°. From the contact angle 
measurement, it can be concluded that the flux does wet the titanium diboride cathode substrate 
quite well. This is beneficial in two regards. It would lower both the charge transfer and contact 
resistances at the electrodes.  
 

Conclusions 
 
Two types of experiments were conducted, showing the ability to characterize surface behavior 
via a maximum bubble pressure measurement and sessile drop observation. The former experiment 
found that a molten fluoride salt, under an environment of Ar-2%H2(g) at 1200°C, has a gas-liquid 
surface tension of 121.95 ± 9.29 mN/m which is similar to that of cryolite-based salts. 
Additionally, data analysis of the plot indicates that the salt’s density is 2.94 g/cm^3. The second 
experiment noted that a molten fluoride salt, placed on a titanium diboride substrate and exposed 
to the same gas environment, produces a contact angle value of 9.354°±1.357° which indicates 
good wetting between the cathode substrate and the molten salt. Both values show promise for the 
salt and titanium diboride to be used in an electrolytic cell. 
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Abstract 
 
    A study on the effect of FeO and MgO content on foaming index in EAF slag system was 
carried out. The height of the slag foam was measured by electric probe maintaining steady state 
in gas formation and escape. Foaming index, which is the measurement of gas capturing 
potential of the slag, is calculated from the foam height and gas flow rate. Viscosity and surface 
tension, which are the key properties for the foaming index, are calculated by Urbain’s model 
and additive method, respectively. Dimensional analysis also performed to determine the 
dominancy of properties and resulted that the important factor was a ratio between viscosity and 
surface tension. The effect of each component on the viscosity, surface tension and foaming 
index of the slag is evaluated to be in strong relationship. 
 

Introduction 
 
    The foaming behavior of the metallurgical slags has frequently been observed for steelmaking 
operation such as EAF and BOF process. Optimizing the amount of the slag foam is crucial 
technique for the steelmaking process since the foaming could be either a beneficial factor for 
the process efficiency or a substantially dangerous factor by the slag slopping. In modern electric 
arc furnace process, an adequate slag foaming enhances the energy efficiency due to the lower 
heat transfer through the slag layer, higher post combustion ratio and arc efficiency. Despite 
these advantages of the slag foaming, it is hard to maintaining the foam layer due to the 
fluctuation of the operation condition. Therefore, understanding the fundamental features of the 
slag foaming is important to stabilize the foam in the electric arc furnace process. 
    Early studies about the foaming phenomena were conducted by Bikerman [1, 2] in aqueous 
solution. Bikerman has established the expression of foaminess as a definite physical property of 
each liquid, which is independent of the apparatus used and of the amount of material employed 
in measuring. The foaming index is expressed as the ratio of the height of the foam layer over the 
superficial gas velocity in steady state of gas forming and escaping. Furthermore, the physical 
factors for foam-stabilizing have been investigated and several stabilizing mechanism were 
suggested based on the viscosity and the surface tension of the liquid material. Ito and Fruehan 
[3, 4] applied the foaming index to high temperature CaO-SiO2-FeO ternary slag system. They 
concluded that the foaming behavior of the high temperature slag in real situation was expressed 
better by foaming index than foam life time which is based on the observation in static 
experimental condition. The dimensional analysis technique was also performed to the 
experimental results for quantify the effect of each factor. The foaming index was proportional to 
the viscosity and was inversely proportional to the half of the surface tension and the density. In 
their investigation, the viscosity was concerned as a resistance to drainage of the liquid film due 
to the gravity and the surface tension was related to the surface-elastic property. Jiang and 
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Fruehan [5] investigated the foaming index of the bath smelting slag which has high basicity and 
have reported the similar dimensional analysis result to Ito and Fruehan. 
    The foaming index of MgO saturated slag has been reported by Kim et al. [6] and Jung and 
Fruehan [7]. Kim et al. has reported the increasing foaming index by FeO content in MgO 
saturated slag and this result was explained by the viscosity change based on the network 
forming behavior of Fe3+ ion in slag melt. On the other hand, Jung and Fruehan have reported the 
decreasing foaming index in CaO-SiO2-FeO-MgOSatd. system and the viscosity of the 
experimental composition was calculated by Modified Urbain’s Model. While the dependency of 
the foaming index on physical factors in CaO-SiO2-FeO system is well reported, there is a 
distinct difference of composition dependency when the system contains both FeO and MgO. 
This shows that the factors to determine the foaming index and their relative importance in such 
system are not clearly known. 
    Thus, the objective of the present study is to clarify the effect of the MgO and the foaming 
behavior of MgO saturated slag. 
 

Experimental 
 
    A diagram of the experimental apparatus is shown in Figure 1. A vertical resistance furnace 
with MoSi3 heating element was applied to foam height measurement. The slag sample was 
prepared by mixing of each oxide reagent. CaO was prepared by calcining reagent grade CaCO3 
at 1273K, 6 hours. The slag weighed approximately 150 grams which corresponded to a slag 
depth of about 40 mm for a crucible diameter of 44 mm. 
 

 
 

Figure 1. Experimental apparatus for foam height measurement. 
 

    The experiments were conducted at 1773K. After the sample was melted, the argon gas was 
introduced into the molten slag through an iron or Al2O3 tube (2 mm I.D., 4 mm O.D.) which 
was placed 5 mm above the bottom of the crucible. When the foam formation reached a steady 
state which was confirmed with preliminary test, the height of the total slag was measured by 
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detecting the top surface position using a Molybdenum electric probe. The foaming index ( ) 
was calculated as Equation (1) proposed by Bikerman 
 

              (1) 

 
where h is the height of the foam layer (cm) and  is the superficial gas velocity (cm/s) which 
is determined the ratio of the volumetric gas flow rate over the cross-sectional area of the 
crucible. 
    The dissolution of the crucible materials into the slag during the experiments was inevitable. 
Therefore the duration for the experiments was set as short as possible. The experiments were 
carried out in 30 minutes after the slag was melted and the amount of dissolution of the crucible 
materials was 2~6 weight percent in the slag. For the slag system which contains Al2O3 or MgO, 
the crucible that is made of the same material was used to minimize the change of the slag 
chemistry and Al2O3 crucible was used for CaO-SiO2-FeO slag system. In all cases, the slag 
chemistry change due to the dissolution of the crucible material is assumed to be negligible. 
 

Results and Discussion 
 
1. Foaming Index of CaO-SiO2-MgO System 
 
    The experimental result about foaming index of CaO-SiO2-MgO ternary system is shown as a 
function of MgO concentration in Figure 2. The concentration of MgO is varied up to saturate 
concentration in CaO-SiO2 base slag. The saturate concentration of MgO at 1773K is about 23 
wt% and 8 wt% in (wt% CaO)/(wt% SiO2)=1.0 and 1.25 slag, respectively. These compositions 
show a good agreement to the liquidus line of CaO-SiO2-MgO phase diagram. 
 
    

 
 

Figure 2. Foaming index of CaO-SiO2-MgO slag system as a function of MgO concentration. 
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The foaming index of CaO-SiO2-MgO ternary system is decreased with increasing MgO 
concentration at a fixed CaO/SiO2 ratio. This result could be explained mainly by the viscosity 
change since the change of the surface tension is not much compared to the total value as shown 
by partial molar surface tension reported by Mills [8]. The effect of MgO on the viscosity in 
CaO-SiO2-MgO or CaO-SiO2-Al2O3-MgO system is well reported by Licko and Danek [9] and 
Kim et al. [10]. The experimental result of Licko and Danek shows that the viscosity is 
decreased by increasing MgO at 1773K. Kim et al. explained the viscosity change in point of the 
network modifying effect of MgO applying the structural analyzing technique for the molten slag. 
    Hence in present slag system, the lower viscosity of higher MgO containing slag causes the 
lower foaming index. It is also noted that the slag which has higher (wt% CaO)/(wt% SiO2) ratio 
shows lower foaming index since the viscosity is lower due to the depolymerization of silicate 
structure by basic slag, i.e. CaO. 
 
2. Foaming Index of CaO-SiO2-FeO-MgO System 
 
    The experimental result for CaO-SiO2-FeO and CaO-SiO2-FeO-MgOSatd. system is shown as a 
function of FeO concentration in Figure 3. The foaming index of CaO-SiO2-FeO system is 
decreased with increasing FeO concentration up to 20 wt% FeO as reported earlier by several 
authors [6, 7]. Again, it is believed that the lower foaming index is caused by the lower viscosity 
as reported by Kim et al. [6] while there is a minor contribution from the surface tension effect 
as mentioned above.  

 

 
 

Figure 3. Foaming index of CaO-SiO2-FeO and CaO-SiO2-FeO-MgOSatd. 

slag system as a function of MgO concentration. 
 

    On the other hand, the foaming index of CaO-SiO2-FeO with MgO saturated slag is increasing 
with FeO concentration. The opposite trend is obtained probably due to the change of Fe3+/Fe2+ 
ratio occurred by increasing basicity with MgO saturation. Fe3+/Fe2+ ratio could affect foaming 
index as following. 
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    The experimental result of Sumita et al. [11] suggests that the Fe3+/Fe2+ ratio does not has an 
appreciable effect on the viscosity of the slag. This result is corroborated by the work of Seki and 
Oeters [12], who found little difference in the viscosity values when using different partial 
oxygen pressure values. No substantial change of FeO dependency within different MgO 
concentration is also reported by Seok et al. [13]. Therefore the viscosity of CaO-SiO2-FeO-
MgO slag would be decreased by higher FeO or MgO and this relationship between the viscosity 
and the foaming index is conflict with the explaining in above section. Thus, the increasing 
foaming index with FeO concentration should be explained by the effect of the surface tension. 
    In contrast to other cases, the surface active element could drastically decrease the surface 
tension of the slag. It is generally known that the Fe3+ ion in ionic melt is surface active element 
[8]. Most of the conditions for the partial oxygen pressure and the slag basicity of 
aforementioned and present foaming index measurement were in Fe2+ predominant region. Thus 
FeO is assumed to stoichiometric compound that the entire Fe ion in melt has same valence of 2. 
The assumption typically works for many slag engineering problems but there is a probability 
that the effect of surface tension on the foaming index is underestimated in some case since even 
the small amount of the Fe3+ ion could affect surface tension value substantially. 
    The values for the viscosity and the calculated surface tension by additive method of CaO-
SiO2-FexO-MgO system are shown in Figure 4. If we assume that iron oxide is stoichiometric 
compound and Fe ions are totally Fe2+, the viscosity is decreased and the surface tension is 
increased in all cases. This tendency corresponds to the decreasing foaming index. Otherwise if 
the Fe3+ ion is taken into account with the corresponding Fe3+/Fe2+ ratio reported by Yang and 
Belton [14], the change of the surface tension with the MgO turn around in certain iron oxide 
concentration as shown in Figure 4, (b). 
 

 
 (a)                                                                     (b) 

 
Figure 4. Calculated viscosity and surface tension values in case of  

(a) FeO with totally Fe2+, (b) Fe3+ is taken into account. 
 

    Due to this contribution of Fe3+ ions, the effect of MgO on the foaming index of FeO 
containing slag has various composition dependencies as shown in Figure 5. The systems that the 
foaming index is increased with XMgO in Figure 5 have relatively high basicity (0.74~0.76 in 
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optical basicity scale) and FeO concentration (30~40 wt%). On the other hand, the other systems 
in Figure 5 have relatively low basicity (0.68~0.69 in optical basicity scale) and low FeO 
concentration (up to 10 wt%). It is clear that the Fe3+/Fe2+ ratio affects the foaming index above 
certain critical value. Thus to clarify the effect of MgO in such slag system, it is needed to 
quantify the Fe3+/Fe2+ ratio and investigate the effect of the surface tension on the foaming index 
in much detail. 

 
Figure 5. Various MgO dependencies of the foaming index in FeO containing case. 

 
3. Dimensional Analysis 
 
    Foaming index is known to a function of viscosity, surface tension of the liquid. But property-
foaming index correlation is not clearly derived yet, and no pertinent equation with wide range of 
consistency is proposed. Fruehan group [4, 5] applied the dimensional analysis technique to 
correlate the slag property and the foaming index mathematically. The foaming index is 
postulated as a function of the viscosity, the surface tension, the density and the gravitational 
constant and following dimensional groups are set according to Buckingham’s Pi Theorem. 

 

               (2) 

                    (3) 

 

where  is the foaming index (s), g is the gravitational constant (m/s),  is the viscosity (Pa s),  
is the density (kg/m3), and  is the surface tension (N/m). 
    The relationship between two dimensional groups is derived from each slag property and the 
result of log  vs log  plot is shown in Figure 6. The slopes of CaO-SiO2-FeO and CaO-SiO2-
MgO system are same as -2.17 and this result corresponds to the contribution of each factor as 
Equation (4) 
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           (4) 

 
where C is the constant depends on the slag system and determined empirically. This result 
indicates that we could postulate the Fe ions in slag as totally Fe2+ up to (wt% CaO)/(wt% SiO2) 
ratio is 1.0 without other basic oxide.  

 
Figure 6. Dimensional analysis result for various slag system. 

 
    On the other hand, the dimensional analysis result of CaO-SiO2-FeO-MgO system has almost 
vertical slope. This is due to the underestimated surface tension effect by Fe3+ as mentioned 
above. If we take into account the Fe3+/Fe2+ ratio in the molten slag and recalculate the slag 
properties, the result of dimensional analysis has consistency with other slag system. This result 
indicates that Equation (4) is still holds for CaO-SiO2-FeO-MgO within wide range of 
composition. 
 

Conclusions 
 
    The effect of MgO on the foaming index for CaO-SiO2-MgO and CaO-SiO2-FeO-MgO system 
is investigated. The dimensional analysis was applied using experimental results and calculated 
slag properties to correlate the foaming index and the foam stabilizing factors. The remarkable 
conclusions are as following: 
 
    (1) The foaming index of CaO-SiO2-MgO ternary system is decreased with increasing MgO 
concentration at a fixed basicity and temperature. It could be explained as the viscosity effect in 
point of modified network structure by MgO. The change of surface tension as MgO addition has 
relatively little effect compared to change of viscosity since MgO has similar partial molar 
surface tension to that of CaO. 
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    (2) In case of FeO containing slag, the addition of MgO either increases or decreases the 
foaming index. This result is due to the effect of surface active by Fe3+ ions in molten slag. The 
basicity of the slag could be increased by MgO addition and hence Fe3+/Fe2+ ratio is increased, 
the foaming index could increase beyond the critical Fe3+/Fe2+ ratio since the surface tension 
decreases substantially. 
 
    (3) By revising the surface tension value as take into account the Fe3+/Fe2+ ratio, the result of 
the dimensional analysis for CaO-SiO2-FeO-MgO system shows consistency with other system. 
It indicates that the balance of the viscosity and the surface tension has consistent effects on 
foaming phenomena for those slag systems. 
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Abstract 

 
Degradation of refractory liners is one of the key factors limiting the service life of entrained flow 
slagging gasifiers, which is caused primarily by refractory/slag interactions. Slag originates from 
impurities in the carbon feedstock, typically coal and/or petcoke, which melt and coalesce during 
gasification, flowing over the refractory liner in the gasifier and interacting with it.  Slagging 
gasifier operators attempt to minimize refractory degradation by controlling slag viscosity (and 
interactions) through the gasification process temperature.  A computer model utilizing empirical 
and neural network calculations was developed to predict T100, T250, fluid temperature, and liquidus 
temperature of slag compositions based on chemistry and a newly developed “similarity index”.  
Development of the model and its application in designing slags to minimize refractory 
degradation will be discussed. 
 

Introduction 
 
Gasification is a process of converting carbonaceous materials, water and oxygen into steam, 
carbon monoxide, hydrogen, carbon dioxide and methane in a high pressure and high 
temperature reaction vessel (gasifier). Non-volatile mineral impurities in the carbon feedstock 
are liquefied at gasification temperatures, forming corrosive slags. The slag attacks refractory 
linings used to insulate and protect the steel pressure vessel from the harsh operating conditions 
present in a gasifier. Slagging gasifiers are typically operated between about 1300 and 1550 °C 
and at pressures of 2.75 MPa (400 psi) or higher, with a mass flow rate of molten slag often 
exceeding 10 tons/hour [1, 2].  The slag composition and the gasifier operating temperature are 
significant factors affecting the refractory lining performance. The gasifier operating temperature 
can be optimized using the slag liquidus temperature, ash fusion temperature, and viscosity 
characteristics of the ash. The optimized operating temperature should be high enough to allow 
slag flow out the gasifier yet low enough to minimize refractory corrosion.  Refractory service 
life can be improved if the operating temperature is lower than the slag liquidus temperature. 
Slag liquidus temperature, ash fusion temperature, and viscosity characteristics of the ash are 
dependent on the slag composition. 

Typically, more than 90 % of the mineral component of a coal ash slag contains oxides of 
silicon, aluminum, iron, and calcium. Minor constituents such as magnesium, potassium, sodium, 
titanium, and sulfur account for about 8 % of the mineral component; while trace constituents 
such as arsenic, cadmium, lead, mercury, and selenium, when combined make up less than 1 % 
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of the total composition.  Table I summarizes the average, maximum, and minimum oxide 
content of coal slags in the NETL slag management tool set’s viscosity database in weight 
percent.  The NETL slag management tool set will be discussed later. 

Table I. The composition range of slag constituents in the NETL slag management tool-set 
database in weight percent. 

Weight %  SiO2 Al2O3 FeO CaO MgO Na2O K2O MnO TiO2 P2O5 SO3 

Average 42 23 11 15 4 1 1 0 1 0 1 

Maximum 68 37 35 40 20 10 4 0.8 20 3 18 

Minimum 19 10 1 1 0 0 0 0 0 0 0 

Standard 
deviation 

8 5 7 9 4 2 1 0.2 1.3 0.6 2 

 

The fluidity of coal slags has a close relationship with the properties: T100, T250, Tcv, ash fusion 
fluid temperature and liquidus temperature.  Coal slags consist primarily of a silicate network, 
where each silicon atom is tightly bonded to 4 oxygen atoms. Cations such as Na+, Ca2+, Mg2+, 
Fe2+ and K+ tend to depolymerize the silicate networks by forming non-bridging oxygen (NBO), 
O-, and free oxygen O2-. The degree of de-polymerization of coal slags can be characterized by 
the ratio of NBO to the number of tetrahedral-coordinated atoms (T), expressed as NBO/T [3]. In 
general, a higher index value means a lower viscosity coal slag. 

Per Lux and Flood’s definition of acid-base properties for oxides melts, the high quantity of 
silica or silicon oxide present in coal ash slags makes them acidic [4]. Basic oxides such as 
Na2O, CaO, MgO, K2O and FeO tend to react with silica, leading to lowered melting temperature 
and thinner (low viscosity) slags. Therefore, the ratio of the total amount of basic oxides to the 
amount of SiO2 is an important index for both liquidus temperature and slag viscosity. 

Al2O3, an amphoteric (i.e. a compound that can act as an acid or base), is also an important oxide 
in coal ash slags. Phase diagrams (CaO-SiO2-Al2O3, MgO-SiO2-Al2O3 and FeO-SiO2, Al2O3) 
indicate that the ratio of SiO2/Al2O3 is also an important factor affecting slag liquidus 
temperatures. Slags containing principally Al2O3 and low basic oxide quantities tend to form 
mullite as their primary phase (first phase to precipitate from the melt during cooling), creating a 
slag of a high liquidus temperature. High Al2O3 and FeO content in a slag promote the formation 
of a spinel primary phase (FeAl2O4). Lower Al2O3 content with high CaO leads to the formation 
of slags with anorthite as their primary phase, resulting in slags with a low liquidus temperature. 
In general, the best slags for gasification of coal should have a high liquidus temperature and low 
T100; moreover, the temperature difference between the two should be large enough to allow for 
easy control of the viscosity during gasification process. 
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Coal slags may contain solids phases at a gasifier’s operating temperature that do not melt or 
have time to melt during their residence in the gasifier. The presence of those solids in the 
gasifier slag affects the fluidity of the slag during gasification. In general, increasing the solid 
content of a slag increases its apparent viscosity. The liquidus temperature, a function of the slag 
composition, determines whether solids are present at the operating temperature. 

Viscosity is the measure of the internal friction of a fluid during flow. The ease by which a 
molten coal ash slag flows from an entrained flow gasifier is directly related to slag viscosity. 
Molten slag viscosity can be measured by many ways, with a rotating spindle being commonly 
used.  Slag can exhibit Newtonian or non-Newtonian flow behavior, with the viscosity of a 
Newtonian fluid being independent of spindle’s shear rate. The viscosity of non-Newtonian 
fluids change as a function of shear rate and time; therefore, viscosity measurements of a typical 
non-Newtonian fluid can be considered accurate only when these experimental parameters are 
accounted for and reported. Depending on a coal slag’s composition and test temperature, coal 
slags typically behave as Newtonian fluids at high temperature and undergo a transition to non-
Newtonian flow when solid content is high in it as solid phases precipitate at the lower end of the 
gasifier operating temperature range (generally, below Tcv). 

Ash fusion testing is based on the position a pyramidal ash cone sample bending (deforming) due 
to increasing liquid content with increasing temperature in either an oxidizing or reducing 
atmosphere. The sample deformation measured during ash fusing testing is reported as four 
temperatures: initial deformation, softening, hemispherical and fluid temperatures. The major 
drawback associated with the ash fusion testing is the reliance on visual observation and operator 
subjectivity, leading to reproducibility issues between different laboratories.  

Modeling Procedures 

Figure 1 shows the modeling procedure followed in this study. First, slag viscosity and slag 
fusion temperatures data was collected and assembled into a database. The NETL slag viscosity 
database contains 262 records from sources published in the open literature, while the slag fluid 
temperature database (ash fusion information) containing around 2000 records from the USGS 
CoalQual database [5]. These slag constituents were used as the starting point for calculating 
corresponding liquidus temperatures through FactSage™ (version 6.4) thermodynamic 
calculations [6]. Results from these calculations were collected into a database of liquidus 
temperatures. The viscosity database was used to evaluate the performance of six empirical 
models and the FactSage™ slag viscosity module. In addition, viscosity, fluid temperature, and 
liquidus temperature databases were used to build similarity and neural network models.  
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 Figure 1. A flow chart representing the modeling procedures used in this study to suggest an 
optimal gasifier operating temperature range. 

A slag management tool set was developed to suggest a gasifier’s operating temperature from the 
prediction result for T100, T250, fluid, and liquidus temperatures determined by the  NETL models 
(similarity and neural network). This tool set allows users to review referenced records in 
similarity modeling and to verify the model’s prediction. This tool set also allows advanced users 
to select, modify, or input these values if users prefer a value different from the predicted one. 
The slag management tool set is not a black box - it allows users to review the reference records, 
provides detailed information about each model’s predicted performance, explains some of the 
terminology used in calculations, adopts to a specific users’ database, and allows advanced users 
to adjust predictions.  This paper focuses on the performance of empirical and NETL similarity 
models on coal slag viscosity.  NETL similarity models will be discussed later. 

Viscosity models 

Many empirical viscosity models have been published in the open literature, with each based on 
their own experimental data and regression analysis.  Quite often, users use an empirical model 
without fully understanding its limitations and performance. Many of these empirical models are 
generally not amenable to extrapolation outside the range of the original experimental data. Coal 
slags have a wide range of compositions containing different solids and solid quantities, 
depending on their chemistry, temperature, the oxygen partial pressure of the gasifier, and the 
residence time in the gasifier (short residence times do not allow system equilibrium to be 
achieved in a system). Because of the way literature models were developed, it is unlikely that a 
single model will yield good predictions for every coal slag.  Several empirical models were 
selected for inclusion in the viscosity model being developed based on their ability to predict 
coal slag properties; which were the following:   Browning, Urbain, Kalmanovitch, silica ratio, 
Riboud, and Watt-Fereday [7, 8]. An experimental slag viscosity database was created using 
charts or tables published in the literature or in reports.  A computer program was written to track 
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data curves in a chart and convert them to digital format.  The predicted slag viscosities of these 
empirical models were then compared with the slag viscosity database created using published 
information. 

FactSage™ has a viscosity module which directly relates slag chemistry viscosity to the structure 
of the melt, and the structure in turn is calculated from the thermodynamic description of the 
melt using the Modified Quasichemical Model [9]. The FactSage™ model requires very few 
optimized parameters to fit the experimental data for pure oxides and selected binary and ternary 
systems. The viscosities of multicomponent melts and glasses are then predicted by the model 
within experimental error limits without using any additional parameters [9]. 

Similarity models as developed and used by NELT do not use mathematic regression methods, 
instead being based on a large database, with predictions made based on data from similar 
sample chemistries in the database. A figure-of-merit based on chemical composition, silica 
ratio, optical basicity and NBOT was adopted to define similarity between reference and target 
samples. Using this approach, predicted performance was improved over an earlier approach 
based solely on a slag’s chemical composition.  Given the experimental uncertainty and errors 
during slag viscosity measurements, a “regional” group fit within a reasonable temperature range 
is adopted rather than the “best” fit. A regional group fit means that three similar referenced 
samples from the database were selected for making comparison within a range of 50 °C from a 
predicted slag chemistry, then the best regional group fit samples were used to yield temperature 
predictions for specific viscosities (such as T100 and T250). The prediction performance was 
improved using this approach versus a simple look-up of the “best” individual fit values.  

Gasifier users need an accurate and reliable model to predict viscosity and temperature 
relationships for different slag compositions. It is, however, impossible to know which models 
are reliable without extensive testing. In addition, the size of a database or datasets is closely 
related to the prediction performance of a model. High-temperature viscosity measurements are 
both time and resource intensive, with a large investment required in order to build a reasonably 
sized database. 

The performance index of models 

In order to know which model perform best, an error index term was developed to define the 
model’s accuracy in oC. 

 

 

Where: 
N  = Number of calculate times 
T  = Temperature (oC) at 50 to 500 P with a step increment of 50 P (P: poise) 
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Exp = Experiment value 
Model = Prediction value 
V  = Constant viscosity 
 
The number of calculations was used in determining the model error because each record may 
not cover the whole slag’s viscosity range from 50 to 500 P. Note that the calculated error term is 
for only a set of viscosity-temperature record from a slag. The slag viscosity database has 262 
records (each record contains information for a slag); therefore, the distribution of prediction 
error for the 262 slags predicted by models can be calculated and normalized. The above 
performance index is designed for industry users so they may understand the average of error 
prediction for a specific temperature.   

Results and Discussions 

Coal slag viscosity 
Table II shows the results of prediction for six empirical and FactSage’s modified quasichemical 
models. This table indicates variability between the predictions of the different models, and that 
the silica ratio and Kalmanovitch models perform better than other models.  The table also 
illustrates the need for models with improved predictions of slag flow behavior than those that 
exist in the literature. 
 
Table II. The prediction error distribution of viscosity and temperature for six empirical and 
FactSage™ models (in percentage) 

Error 
(°C) 

Browning Urbain Kalmanovitch 
Silica 
Ratio 

Riboud 
Watt- 

Fereday 
FactSage™ 

0-40 35.88 6.87 45.04 52.29 3.05 12.98 26.56 
40-80 21.76 24.43 22.52 20.99 10.69 31.68 18.36 

80-120 18.70 32.44 13.36 11.45 32.44 24.05 20.31 

>120 23.66 36.26 19.08 15.27 53.82 31.30 34.77 

 

The Similarity Model Developed by NETL 
Three similarity modeling versions were developed to predict slag viscosity based on the 
assumption that similar slags should have similar physical properties, including viscosity. Note 
that the definition of “similar slags” affects the accuracy of a slag viscosity prediction. Also note 
that most slags contain at least 10 oxides, making the definition of a “similar slag” complex and 
subjective. The development of a model was a self-study process from trial results based on 
multiple dataset calculation using a target sample selected from one of 262 slag viscosity curves.  
The calculations generated using the target sample was treated as experimental data, and the 
other 261 data set records treated as reference samples in a database or knowledge base to make 
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a prediction for the target sample. Using this approach, the accuracy of each trial can be 
computed by the above performance index after multiply calculations. Table III lists prediction 
made using the four similarity approaches. 
Four similarity modeling approaches are discussed concisely as follows: 

1) Find similar slag, and then predict temperature at various viscosities from a known 
calculated knowledge base. 
2) Rank the temperature at a specific constant viscosity, then determine the best fit regions 
using three consecutive samples to predict the temperature at a specific constant viscosity. 
3) Rank the temperature at a specific constant viscosity from a group of three consecutive 
similar slags, then determine best fit region for predicting the temperature at specific constant 
viscosity 
3+) More similarity indexes were used and the definition of “region” was modified by a 
temperature range (three samples within 50 °C), not a group of three consecutive samples. 
 
Table III The prediction error distribution of viscosity and temperature for NETL similarity 
models (in percentage) 

Error (°C) Version 1 Version 2 Version 3 Version 3+ 

0-40 48.24 47.66 58.78 66.1 
40-80 23.14 27.73 22.52 16 

80-120 16.08 11.33 8.02 9.5 

>120 12.55 13.28 10.69 8.4 

 
Comparing Table III and II, it is evident that version 3+ of the similarity model developed by 
NETL can yield improved accuracy predictions of coal slag viscosity.  Currently, this slag 
management system is being implanted and evaluated at a commercial gasifier user. 

Conclusions 

A viscosity database was assembled from literature data which contains 262 records and used to 
compare and evaluate six empirical models from the literature against a modified quasichemical 
model. Similarity and neural network models were developed to improve performance 
predictions of viscosity versus temperature based on slag composition. Results indicated that 
similarity and neural network models could yield improved viscosity versus temperature 
predictions than empirical models or the modified quasichemical model. Coal ash fluid 
temperature and liquidus temperature databases were also collected and used to predict fluid and 
liquidus temperature by similarity and neural network models. This slag management model was 
developed with a goal of improving the service life of refractory lining in gasifiers and to 
improve control of the gasification processes through improved predictions of T100, T250, fluid 
temperature, and liquidus temperature. 
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Abstract

Large quantities of carbon dioxide gas and slag are generated as waste byproducts through iron 
& steelmaking and slagging gasification processes, using carbon feedstock to produce metal, 
electric power, and/or chemicals. The increasing use of petroleum coke in the modern 
gasification industry has changed slag chemistry – causing it to become rich in vanadium (III) 
oxide. When the vanadium rich gasification slag is interacted with metallurgical slag targeting a 
specific slag chemistry and temperature; calcium orthovanadate forms, changing vanadium 
valence from 3+ to 5+. This valence change involves oxygen removal from the surrounding 
environment. The reaction is highly exothermic, which is more than enough to break bonding in 
carbon dioxide and water molecules and to still have excess thermal energy. In this work, 
generation of carbon monoxide from carbon dioxide was investigated using synthetic slag 
mixtures containing vanadium. Results indicated rapid CO2 conversion occurred at 
temperatures below those at which metallurgical slag is typically tapped out of furnaces in 
industries.

Introduction

Carbon feedstock such as coal and petroleum coke (petcoke) is used in metallurgy (mainly iron 
& steelmaking) and slagging gasification (including the integrated gasification combined cycle
(IGCC)) processes to produce metal, and power and/or chemicals, respectively. In these 
manufacturing processes, large quantities of gas (rich in CO2) and molten slag as waste 
byproducts are generated. Slag is generated from non-volatile components in feedstock,
additives, and/or metal ore impurities. As an example, in primary steelmaking, 1.5 tons of CO2 is 
emitted for every ton of iron produced, while additional 0.9 tons of CO2 per ton of steel produced 
is produced from subsequent steelmaking processes [1]. Reportedly, approximately 0.5 billion
tons of slag is annually generated by metallurgical industries worldwide (2011) [2], with less 
than 65 wt.%  utilized for recovering valuable elements [3]. In the gasification industry, a 500 
megawatts thermal slagging gasifier operating at a 35% efficiency would need 3,800 tons of 
petcoke carbon feedstock per day, producing approximately 38 – 118 tons/day of slag (the high 
end ash percent from [4]). Gasifiers generating 174 gigawatts thermal are being constructed or 
are planned in the world from 2016 to 2019 in the world [5], including Jamnagar Gasification 
Plant in India with 9.8 gigawatts thermal syngas output (100% petcoke feed) [6]. With the 
existing plants worldwide, gasifiers generating a total of 310 gigawatts thermal will be in 
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operation by 2019 [5], generating up to 9 – 27 million tons petcoke slag annually, depending on 
the petcoke usage worldwide.

Iron & steelmaking slags are typically rich in calcium oxide, while gasification petcoke slags are 
rich in vanadium oxide. Literature data [2, 7-11] are summarized in Figure 1, where up to 60 
wt.% CaO in steelmaking slag and up to 75 wt.% V2O5 in petcoke ash are reported. Note that 
vanadium content is often reported as V2O5 but typically exists as V2O3 in iron & steelmaking 
and gasification slags. Due to strong chemical affinity of calcium oxide for vanadium oxide 
under certain conditions, the presence of calcium influences the valence of vanadium, changing
it from 3+ to 5+ and  forming calcium orthovanadate (3CaO·V2O5). The vanadate formation 
occurs by removing oxygen from surrounding process gases in the system. If the formation 
occurs in a gas mixture of CO2 and H2O, the following fundamental reaction is expected: 

3CaO + V2O3 + 2[(CO2)x + (H2O)1-x]
(CaO)3(V2O5) +  2[(CO)x + (H2)1-x] + excess heat    (1)

The formation of the calcium vanadate is highly exothermic, causing the breakdown of carbon 
dioxide and/or water molecules into carbon monoxide and/or hydrogen. The reactions leave an 
appreciable amount of excess thermal energy in the form of heat.  Product heat associated with 
the overall reaction ranges from -163 kJ to -104 kJ per mole of calcium vanadate at 1300 °C 
[12], depending on x (x = 0 – 1). In the present study, a synthetic slag mixture determined based 
on calcium rich metallurgical slag and vanadium rich petcoke slag was investigated in-situ for
potential CO and/or H2 gas production from waste streams (slag + CO2 and/or H2O).  

Figure 1. Industrial sources of calcium oxide and vanadium oxide [2, 7-11]. Note
vanadium content is frequently reported as V2O5 but typically exists as V2O3 in
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iron & steelmaking and gasification slags. (BF = blast furnace, BOF = basic 
oxygen furnace, EAF = electric arc furnace, LF = ladle furnace, OHF = open 
hearth furnace, U.S. = United States, CDN = Canada). 

Experimental

The slag composition used in the study was based on mixing a metallurgical slag (Ca-rich) and 
gasification petcoke ash (V-rich). The composition was determined by using a series of 
thermodynamic evaluations to maximize the CO2 CO (or H2O H2) gas conversion and to 
sustain slag melting. A synthetic slag composition of 8.2Al2O3-24.7CaO-8.2Fe2O3-1.6SiO2-
57.3V2O3 (by weight %) was mixed and placed in a high density alumina crucible.  The mixture
was heated from room temperature to 1500 °C at 2.5 °C/min in a closed alumina tube resistance 
furnace. The atmosphere in the tube was saturated with CO2 by carbon powder in the sealed air 
during the heating stage. The electromotive force ( ) of an yttria-stabilized zirconia oxygen 
sensor (SIRO2

®) inside the furnace tube was continuously monitored and used to indicate oxygen 
partial pressure, which was located immediately above the slag sample. An experimental error of 
the oxygen sensor was reported to be less than ± 0.2 on a log scale at temperatures between 1000 
and 1500 °C for 10-10 – 100 atm [13]. Concentrations of CO and CO2 in the furnace tube were 
determined by thermodynamic computational software, FactSage 6.4, with FactPS and FToxid 
databases [14] using the empirical oxygen potentials (converted from ). In the computations 
mentioned above, V2O3 solubility in the slag was assumed to be negligible due to a lack of such 
data. Creation of a thermodynamic database for slag containing vanadium is currently underway 
[7, 15]. Each test was conducted twice for reproducibility. Separate measurements without the 
slag under the same conditions were also employed as a reference on oxygen levels during the 
heating test.

Results and Discussion

The values for the atmosphere during the test without the slag stayed relatively constant during 
heating. The averaged value of the oxygen partial pressure (without the slag) was converted from 

to be 5×10-2 atm at temperatures between 1100 and 1500 °C. The obtained oxygen pressure
agrees with a theoretical value of 2×10-2 atm as calculated by FastSage. 

Changes in for the CO2 saturated atmosphere in the reaction tube are presented in Figure 2 as 
first and third derivatives with respect to time (d /dt and d3 /dt3). Rapid increases in d /dt
initiated at approximately 55 min into test 1 and 58 min into test 2 when furnace temperature 
exceeded 1400 °C. These increases correspond to sudden drops in the oxygen partial pressure 
caused by interactions between CaO and V2O3 (in the slag) with oxygen (originating from the 
surrounding CO2).  CO was generated by stripping oxygen from CO2 during the formation of 
calcium vanadate. During heating, the CO2 CO conversion began and occurred rapidly at 
approximately 1426 °C in both tests, with the majority of the reaction completed within 5 min
(assuming positive peaks of d3 /dt3, the highest rates of the reaction acceleration, dictate the 
beginning and ending of the majority of the reaction.) It is still not certain whether the reaction 
time would be shortened if it occurred at higher temperatures because 5 min of reaction time 
counted time periods needed to increase temperature during continuous heating in the tests. A
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minimal decrease in the oxygen partial pressure (i.e., a minimal increase in ) was observed after 
the peak which corresponded to the rapid conversion. As heating progressed, the oxygen partial 
pressure (determined from the approached asymptotes around ~10-10 atm, indicating a CO2

conversion rate at 97%.  

Calcium vanadate ((CaO)3V2O5) was confirmed using the scanning electron microscope with X-
ray energy dispersive spectroscopy (FEI Inspect F and Oxford INCA WAVE) and X-ray 
diffraction analysis (Rigaku Ultima IV) on the quenched slag as presented in Figure 3. The 
formation of fine calcium vanadate particles was noted throughout the slag. The presence of 
(CaO)3V2O5 implies the correlation of the CO generation to the vanadate formation with a
valence change from V3+ to V5+. 

Figure 2. d /dt and d3 /dt3 of tests 1 and 2 from in-situ measurements showing the 
occurrence of rapid CO2 conversions during heating when it reached around 1426 
°C. 
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Figure 3. (a) X-ray diffraction patterns showing the presence of the calcium 
vanadate and (b) SEM backscattered micrograph of the quenched slag sample 
showing its morphology.

Computational thermodynamic simulations (using FactSage) suggest that, if the same slag 
methodology is applied to water or steam instead of carbon dioxide, H2 would be generated 
following reaction (1). In this case, an oxygen atom is removed from a H2O molecule over a 
reaction of CaO and V2O3 to form a thermodynamically more stable phase (CaO)3(V2O5),
leaving H2 as a byproduct. Theoretically, up to 1 ton of H2 gas would be produced from the 
reaction of water with slag containing 4.2 tons of V2O3. Because H2 is generated from the highly 
exothermic reaction, the H2 conversion rate is expected to be significantly greater than that from 
the traditional thermal dissociation (heat recovery) routes where heat is supplied by extraction 
from the discharged slag in iron and steelmaking.

Testing to evaluate the “practicality” of the process is ongoing. Process parameters, slag 
chemistry, and configurations are being studied to optimize the production of heat and 
conversion of waste streams (CO2 and slag) into syngas (H2 and CO).

Conclusion

A synthetic slag mixture of a specific composition based on iron & steelmaking and gasification 
slags was heated in the presence of CO2 to a range of industrial slag tapping temperatures. In the 
controlled atmosphere studies, 97% of CO2 was converted to CO in approximately 5 min of 
reaction time over the formation of calcium orthovanadate. Thermodynamic computations
predicted that H2 would be generated from H2O using the same mixed slag approach. The results
suggest a potential approach to help reduce current CO2 loads to the environment while
commercially benefitting the industries.
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Abstract 

High temperature thermochemical equilibrium calculations are computationally expensive, 
taking several milliseconds to complete for simple systems on existing computer hardware. 
Integrating such calculations into a multiphysics model to describe thermochemical behavior in 
addition to fluid flow and heat transfer, may result in a model that cannot be solved with the 
available computing resources. 

This problem can be solved by pre-calculating, storing, recalling and interpolating the required 
thermochemical data. If recall and interpolation can be done quickly, the time required to obtain 
results can potentially be reduced by several orders of magnitude. Some researchers have 
implemented this approach on systems with small numbers of components. Pyrometallurgical 
processes, however, involve many system components, including, for example, Al-C-Ca-Cr-Fe-
Mg-Mn-N-O-Si-Ti in significant amounts. 

An approach is demonstrated for binary and ternary slag systems using the Al2O3-CaO-SiO2

system as example. The results are compared with ChemApp calculations. 

Introduction 

Pyrometallurgical processes are complex systems involving combinations of various physical 
phenomena. This can include heat transfer, mass transfer, multi-phase fluid flow, 
electromagnetics, chemical reactions and phase changes. 

Multiphysics modelling techniques such as the finite element method (FEM), the finite volume 
method (FVM) and the discrete element method (DEM) have been used for decades to combine 
mathematical formulations of these different phenomena into computation models to describe 
high-temperature processes. 

FEM models that describe heat transfer and mechanical deformation [5], computational fluid 
dynamics models (CFD, usually implemented with FVM) that describe heat transfer, fluid flow 
and electromagnetics [10], and DEM models that describe the behaviour of complex particulate 
systems [7] are no longer a novelty. 
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Notably, one very important phenomenon has been mostly omitted, sometimes incorporated in a 
simplified manner, and on rare occasions integrated into multiphysics models of 
pyrometallurgical processes. This is thermochemistry. 
 
Thermochemistry is central to most high-temperature processes, since the objective is usually to 
concentrate valuable elements or substances into a specific phase by solid state reduction, 
smelting, converting, roasting, etc. High temperatures cause atoms and molecules to be highly 
mobile, enhancing transport and reaction kinetics, and creating a strong drive to thermochemical 
equilibrium. This is why equilibrium calculations are so useful in describing these processes. 
Having thermochemistry available in a multiphysics framework would provide valuable insight 
into process behaviour and mechanisms. 
 
The reasons why thermochemistry, and more specifically equilibrium calculations, rarely 
features in multiphysics models of pyrometallurgical processes are quite simple. Firstly, 
equilibrium calculations on systems with a realistic number of components are computationally 
expensive. Secondly, integration into multiphysics models would mean repeating these 
calculations tens of thousands to millions of times per iteration of the multiphysics solver. The 
resulting computational cost makes such an endeavor infeasible given existing computing 
hardware. 
 
This paper describes the first steps of an initiative that we have undertaken to integrate 
thermochemical equilibrium calculations into multiphysics models of high-temperature 
processes. It focuses on the nature of these calculations and how they can be accelerated to make 
integration feasible. The continuum modeling aspects are not addressed in this document. 
Because of the importance of oxide systems in most pyrometallurgical processes, and because of 
the complexity of these systems, we decided to use a collection of commonly found oxides 
(Al2O3, CaO, and SiO2) as the subject of this first investigation. 
 

Purpose 
 
The purpose of this work is to develop a software component that makes fast thermochemical 
calculations available for use in multiphysics models. Figure 1 provides an overview of the main 
components of the envisaged system. 
 

 
Figure 1. Overview of the components required to integrate 

thermochemical calculations into multiphysics models. 
 
In our case the multiphysics component is an OpenFOAM solver application. Because of the 
data available in FactSage [1] and the ease of performing thermochemical calculations through 
the ChemApp API [4], we use ChemApp as our thermochemistry calculation component. 
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An accelerator is required that can act as an intermediary between OpenFOAM and ChemApp, 
making thermochemical calculations fast enough to make multiphysics-thermochemistry 
integration viable. 
 

 
Figure 2. Overview of the thermochemistry accelerator component. 

 
Figure 2 shows the inputs and outputs of the accelerator. It takes as inputs either temperature or 
enthalpy, a list of mole fractions to describe the system composition, and the total number of 
moles of system components in the system. 
 
The results produced are enthalpy or temperature, a list of phase fractions, a list of system 
component mole fractions for each phase, and the system heat capacity, density and viscosity. 
 

Previous Work 
 
The concept of integrating thermochemical equilibrium calculations into multiphysics models is 
certainly not a new idea. Several authors have reported on such models to describe the casting of 
aluminum alloys. 
 
Ten Cate et al. [11] confirmed that direct coupling of the casting simulation and equilibrium 
calculations will yield an infeasible simulation. They reviewed the continuum modeling part of 
the problem, and proposed methods for incorporating the thermochemistry of multi-element 
alloys. The main method presented involved a database of pre-calculated thermochemical 
property values on uniform grids and piecewise discontinuous polynomials to capture 
temperature dependence and reduce the amount of data that needs to be stored. With this method 
the data for a 4-component system would be approximately 5GB in size. [11] 
 
These researchers also proposed that a hierarchical representation on sparse grids can be used to 
describe the continuous variation of enthalpy with composition and temperature. They suggested 
that the lever rule can be used to determine system phase fractions for binary systems, but that 
this would require capturing the phase boundaries. [11] 
 
Phase boundaries, which are c-dimensional hyper-surfaces for a system with c components, can 
be captured either explicitly by using a multi-dimensional splines or an unstructured n-simplex 
grid, or implicitly using a number of smooth, local basis functions and level set methods. [11] 
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Finally, Ten Cate et al. [11] proposed local caching of calculated thermochemical properties in 
the multiphysics model cells, and recalculation only when the state of a cell has changed by more 
than a certain threshold value. This can reduce the computational load significantly. 
 
Zhao et al. [13] studied the solidification of ternary Al-Cu-Si alloys by combining a continuum 
model with thermochemistry. Three different methods were used to incorporate the 
thermochemical equilibrium calculations, namely direct coupling with the Thermo-Calc TQ6 
interface, as well as a mapping technique and regression functions to store and recall 
thermochemical property values. Similar mapping techniques were also used by Doré, Combeau, 
and Rappaz [2] and Du, Eskin, and Katgerman [3]. 
 
The investigators found that direct coupling has a significantly higher computational cost 
compared with the other two methods, but comparable accuracy. Mapping calculates in 1.7% and 
regression functions in 1.1% of the time required by direct coupling. Such techniques can 
therefore speed up calculations between 50 and 100 times, which is significant. [13] 
 
Marin [6] presented an approach to model coupled problems involving multiphysics and 
thermochemistry. This involved the development of a Gibbs free energy minimisation routine 
and integrating it into the COMSOL multiphysics software. Results of simple tests on a 
hypothetical non-ideal binary system was presented. Given what was reported by Ten Cate et al. 
[11] and Zhao et al. [13] this approach would become infeasible for a realistic number of system 
components. 
 
Qiu et al. [9] captured phase boundaries by univariate and multivariate polynomials. They also 
described phase fractions and phase composition using such polynomials. The coefficients of the 
polynomials were determined by interpolation as a function of temperature. They applied this 
technique to a ternary system, and then extended it to a limited region of a quaternary system. 
 

Approach 
 
At this stage of the work, we have made the following decisions about the accelerator 
implementation: 

� Use a geometric representation of the thermochemical system to perform calculations. 
� Use principles from thermochemical theory to simplify and accelerate calculations, and 

minimize the dimensionality of data that must be calculated and stored to capture the 
geometric representation. 

� Implement the first prototype accelerator in Python to reduce complexity and 
development time. 

 
Geometric Representation 
 
Phase diagrams are commonly used to describe thermochemical systems. They are useful for 
demonstrating changes that occur with varying temperature and composition. X-Y diagrams are 
used for binary systems, while Gibbs triangle diagrams are used for ternary systems. The same 
diagrams can also be used for sections through higher-order systems (pseudo-binaries and 
pseudo-ternaries). 
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In addition to describing behavior of a thermochemical system, a phase diagram can also be 
viewed as a geometrical system, consisting of phase regions and phase region boundaries. Figure 
3 shows an example of a binary system. 
 
Phase regions are areas on the diagram where the combination of stable phases remains constant. 
These regions are separated from each other by phase region boundaries. In the Al2O3-CaO 
binary system the phase regions are represented by a set of 16 2D areas, some of which are 
barely visible, separated by 1D boundaries (curves and straight lines). 
 
The entire diagram is captured simply and accurately by a set of lines and polynomials that are 
used to calculate phase quantities and phase compositions for the entire system. Properties like 
heat capacity and enthalpy are captured by additional curve fits based on the phase region 
boundary curves and lines. In essence, once the system’s phase boundaries are captured 
geometrically, most of the thermochemical behavior of the system can be described. 
 
The same principles apply to higher-order systems (ternary, quaternary, n-component), with the 
dimensionality of the phase regions and boundaries increasing with the number of system 
components. A ternary system will therefore consist of 3D volume regions separated by 2D 
surface boundaries, and a five-component system will have 5D hyper-volume regions separated 
by 4D hyper-surface boundaries. Multivariate polynomials are used to describe phase boundaries 
of ternary and higher-order systems. 
 
Thermochemistry Theory 
 
The Gibbs phase rule and the lever rule, both taken from thermochemistry theory, can be used to 
reduce the complexity of the accelerator implementation, and improve its speed. 
 
The Gibbs Phase Rule 
 
The phase rule (Equation 1) and the number of components in the phases present at equilibrium 
can be used to classify phase regions and determine the characteristics of a region’s boundaries. 
Because pyrometallurgical processes are generally operated at or close to atmospheric pressure, 
and because we are dealing only with condensed phases at the moment, pressure can be kept 
constant. We can therefore work with the altered phase rule in Equation 2. 
 
 f = c – p + 2 (1) 
 f’ = c – p + 1 (2) 
 
The phase rule specifies the maximum number of phases that can exist at equilibrium for a given 
number of system components. Using the structure of the phase rule, the phase regions of the 
binary system in Figure 3 are classified into four categories. This is shown in Figure 3b. Table 1 
presents the characteristics of the phases and boundaries of each region category. This 
classification is used to develop algorithms to extract the geometric representation, and do 
thermochemical calculations based upon this representation. 
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(a) Phase regions and boundaries. 

 
(b) Phase regions categories. (green: f’2,2,11, cyan: f’2,2,12, yellow: f’2,2,22, pink: f’2,1,2) 
 

Figure 3. Binary phase diagram of the Al2O3-CaO system. (A=Al2O3, 
CA6=CaAl12O19, CA2=CaAl4O7, CA=CaAl2O4, C2A=Ca2Al2O5) 
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Table 1. Phase region categories for binary systems. (Notation of f’c,p,pc: c 
= number of system components, p = number of phases present at 

equilibrium, pc = number of components in each phase) 
Category f’ c p Phases Boundaries 

f’2,2,11 1 2 2 2 pure substances 2 vertical lines 
2 horizontal lines 

f’2,2,12 1 2 2 1 pure substance 
1 solution 

1 vertical line 
1 to 2 horizontal lines 
1 curve 

f’2,2,22 1 2 2 2 solutions 2 curves 
1 horizontal line 

f’2,1,2 2 2 1 1 solution 1 or more curves 
0 or more straight lines 

 
For example, the slag+CA region is classified as f’2,2,12. The subscript notation indicates that the 
system has two components, and the region has two stable phases. The last part of the subscript 
indicates that the one phase is pure and has effectively a single component, and the second phase 
is a solution with two components. This is valuable information, since it is now known that the 
pure substance will create a vertical straight line boundary that can be captured and used very 
simply. The second phase is a solution, and a polynomial is used to capture its boundary. 
 
The Lever Rule 
 
The lever rule is a well-known technique for calculating the phase fractions of a 2-component 
system from a binary phase diagram at constant temperature. The method can, in fact, be used 
for any 2-phase region, regardless of the number of system components. 
 
This last statement is significant, since it reduces the dimensionality of all 2-phase regions by 1, 
regardless of the number of system components (c). Moreover, lever rule calculations on tie-lines 
in 2-phase regions can be extended to equivalent phase fraction calculations on tie-triangles in 3-
phase regions, and tie-simplexes [12] in regions with arbitrary numbers of phases. The 
dimensionality of all phase regions, except for single-phase ones, can therefore be reduced by 
one. Rather than having to store a mesh of points in a c-dimensional hyper-volume, we only need 
to store p (c-1)-dimensional hyper-surfaces per phase region. This reduces the storage space and 
memory required by the accelerator significantly. 
 
In many cases the dimensionality of the phase region boundary hyper-surfaces is lower than (c-
1). This is determined by the number of components in the phase in question. A pure substance, 
for example, is represented by a constant composition line that does not change as a function of 
temperature, since it effectively has a single component. A 2-component solution is described by 
a 2D surface, a 3-component solution by a 3D surface, etc. 
 
In the case of f’=1 regions, the boundaries are described by curves rather than surfaces. This is 
due to the fact that at constant temperature the number of degrees of freedom becomes zero, and 
the phase compositions are all constant within the region. There is then no need to store higher-
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dimensional surfaces. p (number of phases) parametric curves that describe the composition of 
each phase as a function of temperature are all that are required. 
 
Implementation 
 
Python [8] was used to develop the first accelerator prototypes, since it contains a number of 
useful libraries (numpy, scipy), and because ChemApp could be accessed from within Python. 
The nature of the language and the available infrastructure makes rapid prototyping possible. 
 
Python does have one serious drawback, namely its execution speed. It is estimated that, 
depending on the exact nature of the algorithm, an equivalent Fortran implementation can be 10 
to 1000 times faster than a Python implementation. 
 
At the initial stage of the project, algorithm prototyping was considered more important than 
execution speed. The final algorithms will be translated to Fortran to derive maximum benefit 
from the accelerator. 
 
The implementation has two parts. The first part constructs a geometric representation of a 
binary or ternary system. It is referred to as the geometric constructor, or "Gcon". The second 
part uses the geometric representation to calculate thermochemical data upon request. It is 
referred to as the geometric calculator, or "Gcalc". 
 

Results 
 
ChemApp Calculations 
 
ChemApp was used to perform equilibrium calculations on 6 binary systems, 4 ternary systems 
and one quaternary system. The components that were used included Al2O3, CaO, MgO, and 
SiO2. A standard set of calculations were done at 1% intervals from 0% to 100% along all 
composition axes, and at 50K intervals from 1300K to 2300K along the temperature axis. The 
results are presented in Figure 4. 
 
It is clear that calculation duration increases exponentially with the number of system 
components. This increase is one reason why it is infeasible to integrate thermochemical 
calculations of realistic systems directly into a multiphysics model. 
 
Al2O3-CaO Binary 
 
A geometric representation of the Al2O3-CaO system was created semi-automatically. The Gcon 
component is not yet able to perform reliably without human intervention. This is the reason why 
results are reported for only this one binary system. 
 
The Gcalc component was used to perform the standard set of equilibrium calculations for this 
binary system to calculate phase quantities and phase compositions. The average calculation 
duration was 0.063 ms, as opposed to 2.710 ms in the case of ChemApp. That is more than 20 
times faster. 
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Figure 4. Duration of ChemApp equilibrium calculations on an Intel i7 

3840QM 2.8 GHz CPU. 
 
Agreement between Gcalc and ChemApp results were virtually exact. Most of the two-phase 
regions contain only pure substances, making it possible to obtain exact results. In the case of 
regions containing solutions (lime and slag), boundaries were fitted with polynomials that made 
errors of no more than 10-6 mole fraction and 3x10-4 °C. Given the inherent uncertainty in 
modelling high-temperature processes, this level of accuracy is more than adequate. 
 
The geometric representation was stored in a text file in JSON (JavaScript Object Notation) 
format. The file size is 16 kB. 
 
Al2O3-CaO-SiO2 Ternary 
 
The same procedure was followed for the Al2O3-CaO-SiO2 system. In this case, the average 
Gcalc calculation duration was 0.768 ms, and the ChemApp duration was 11.458 ms, which is 
almost 15 times faster. 
 
In terms of accuracy, agreement was again almost exact, with errors for solutions boundaries in 
the same range as for the binary system. 
 
The size of the JSON file for the ternary system is 260 kB. This is significantly larger than for 
the binary system. With some further development, storage efficiency will be improved. 
 

Conclusions 
 
Geometric representations were generated of two thermochemical systems, Al2O3-CaO and 
Al2O3-CaO-SiO2. These representations were used to calculate phase quantities and phase 
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compositions to compare speed of calculation with the speed at which ChemApp performs the 
same calculations. The geometric approach were able to perform the calculations between 15 and 
20 times faster than ChemApp. It is expected that this acceleration will increase by 10 to 1000 
times when the algorithms are translated to Fortran. This will provide acceleration between 150 
and 20 000 times compared to ChemApp. 
 
If higher order systems of practical interest can be accelerated to the same extent as the binary 
and ternary systems investigated here, integration of thermochemistry into multiphysics models 
will become feasible for the investigation of pyrometallurgical processes. 
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Abstract 

In the present work, the effects of amount of coke, reduction temperature and furnace types on 
copper slag smelting in a dc arc furnace were studied. Optimum coke amount was found to be 
10% of the slag weight in an open-top furnace for a 1 hour reduction time in the temperature 
between 1703 K and 1753 K. Similar conditions in a closed-top furnace resulted in higher cobalt 
and copper contents of the metallic matte, recoveries and reduction rates, as compared with the 
open-top furnace. In the covered system, for cobalt and copper, recoveries reach 95.7% and 90%, 
concentrations were 2.38% and 3.51% respectively, and reduction rate constants were found to 
be 1.7x10-3.s-1. For both furnaces, higher reduction temperatures yielded higher reduction rates
but lower cobalt, copper and sulfur content in the metallic matte. The specific conductivity of the 
slag was also estimated by using furnace geometric factor given in the literature as an empirical 
formula and by using furnace resistance measured during smelting of the copper slag with or 
without different additives. 

Introduction 

Copper slags usually contain non-ferrous metals such as copper, cobalt, nickel, zinc depending 
on the distribution properties of these metals between slag and matte. After the reduction of 
copper slag by addition of coke, cobalt, copper and other non-ferrous metals, iron can be 
collected in a metallic matte phase. One of the production sources of cobalt, a highly strategic 
metal, is the copper smelting slag from processing of cobalt containing copper ores and 
concentrates [1-10]. 

An approximate amount of 2 million tons of copper slag has been lying on the northern part of 
Turkey-Küre dating from Genevian times. This slag contains 0.4% Co and 0.82% Cu. Many 
researches on the recovery of cobalt from Küre slags have been carried out by a 
hydrometallurgical treatment of Co-Cu-Fe containing matte, which can be obtained by the 
carbothermal reduction of copper slag in an arc furnace [11-13]. The main study comprises 
reduction smelting of ancient Küre slag in a dc arc furnace to collect Co, Cu, and S in a metallic 
matte, granulation of the metallic matte and reduced discarded slag with pressurised water 
separately, and leaching of matte granules in H2SO4 solution. Granulated slag was also tested as 
grit material. Cobalt can be recovered from leach solution by gas-precipitation, calcination, 
leaching, chemical-precipitation or crystallization, calcination, leaching, electrolysis techniques. 
The present paper focuses on the optimization the process parameters affecting the enrichment of 
cobalt and copper in metallic matte in a dc arc furnace. 
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Experimental Procedure 
 
The chemical composition of Küre copper slag, which is used as initial material for this study is 
given in Table I. The chemical analysis of coke used as a reductant is given in Table II. The 
average particle size of copper slag and coke is 2-4 mm and 1-3 mm respectively. 99% purity 
CaO was obtained by calcination of CaCO3 at 1273 K whereas Al2O3 has the purity of 99%. 
 

Table I. Chemical Composition of Ancient Küre Copper Slag (wt.%) 
Co Cu Zn Fe S SiO2 Al2O3 CaO MgO 

0.40 0.82 0.15 47.80 1.50 26.10 6.80 0.70 1.00 
 

Table II. Chemical Composition of Coke (wt.%) 
Cfix Volatile Ash 

78.50 3.60 17.90 
 
Slag smelting was carried out in two different kinds of dc arc furnaces each having crucibles 
powered with 270 kVA each. One of the furnaces was 36 cm in diameter, 80 cm in height with 
150 kg charging capacity and had open-top-design [14]. The other furnace was 30 cm in 
diameter and 45 cm in height with a capacity of 50 kg and of close-top-cover design [11]. Both 
furnaces were lined with magnesia for this investigation. The details of electrothermic process 
can be found elsewhere [15]. The voltage, current and temperature were measured and recorded 
using a computer. During the smelting of the charge, temperature measurements for both metal 
and slag were carried out with a Pt-Pt10Rh submerged thermocouple in every 10 minutes, 
whereas tapping temperatures were measured with a help of an optical pyrometer. To determine 
the reaction rate, a titanium rod of 2.5 cm in diameter was used for sample collection from the 
liquid slag at predetermined time intervals. 
 
Varying amounts of copper slag and coke were mixed in a rotary mixer for a period of half-hour. 
For each batch, 25 kg of these mixture was fed to the open arc furnace which had been preheated 
to 1300 K. In the open top furnace, both the effect of the amount of reductant and fluxing 
materials on recovery, and the reaction rate were studied. In the closed-top furnace, the effect of 
reduction time and reduction temperature on the concentration of cobalt, copper and sulfur in the 
slag were investigated, as well as increase in concentration of the same elements in the metallic 
matte by adding controlled amounts of reductant to the charge. Furnace temperature, a function 
of power applied to the furnace, was fixed by adjusting the energy consumed. Cobalt and copper 
concentration in the slag and metal were determined using an atomic absorption technique 
(Perkin Elmer 1100B) and sulfur concentrations were determined using a wet chemical method. 
 

Results and Discussion 
 
Effects of Reductant Addition 
 
In the first group of experiments using the open-top furnace, the effect of different amounts (2.5-
12.5 weight percent of slag) of coke additions to charge, on cobalt and copper concentrations in 
metallic matte, and their recoveries, were studied. The temperature and time were maintained 
constant at 1703-1753 K and 1 hour respectively. 
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It was observed that the reduction recovery of cobalt to metallic matte was increased to about 
90% with 10% of coke addition. However, further increase in coke had no further effect on the 
recovery of cobalt (Figure 1). 
 

  
Figure 1. Cobalt concentration and cobalt 
recovery in metallic matte versus coke 
addition at 1703-1753 K for 1 hour for 
open- and closed-top furnaces (□, ∆: open-
top furnace, ■, ▲: closed-top furnace). 

Figure 2. Copper concentration and copper 
recovery in metallic matte versus coke addition at 
1703-1753 K for 1 hour for open- and closed-top 
furnace (□, ∆: open-top furnace, ■, ▲: closed-top 
furnace). 

 
Figure 1 also shows for a 2.5% coke addition, the cobalt concentration is 2.2%, and the cobalt 
content of the metallic matte declines with further coke addition in an open-top furnace. This is 
due to weight increase of metallic matte as a result of further iron reduction. For the smelting 
experiments with the closed-top furnace at 10% coke addition, the cobalt recovery and cobalt 
concentration reached 95.7% and 2.38%, respectively. Both cobalt recovery and concentration 
were higher in the closed-top furnace experiments under the same conditions. Figure 2 shows the 
copper concentration and recovery in metallic matte versus coke addition. For 7.5% coke 
addition in the open-top furnace, copper recovery from the slag was about 80%, increasing to 
about 90% for 12.5% coke addition. The copper concentration of the metallic matte did not vary 
with the amount of coke addition but remained constant at about 2% whereas this value was 
2.6% in the closed-top furnace. The experimental results indicate that coke addition beyond 10% 
does not appreciably influence the recovery of cobalt and copper (Figure 1 and Figure 2). By 
increasing the amount of coke from 2.5% to 7.5%, the Co content decreased from 2% to 1.5% in 
metallic matte; this is due to the increasing amount of iron in the matte in open-top furnace. 
Under these circumstances, an increase in the Cu content of metallic matte indicates that copper 
has similar reduction behavior as iron. Although reduction recoveries obtained from both closed-
top and open-top furnace experiments with 10% coke addition were similar, an increase was 
observed in Co and Cu contents of metallic matte due to the geometrical factors of the closed-top 
furnace. 
 
The Effects of Reduction Time and Temperature 
 
Reduction rates of Co and Cu in both furnaces with 10% coke addition, were obtained by 
measuring Co and Cu concentrations in the slag as a function of time, keeping the temperature 
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constant. The reduction rates were determined at several temperatures. Rate constant of Co and 
Cu can be calculated using the following equations. 
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Where WMe,O, WMe,t and WMe,∞ are mass contents of component Me at the beginning, at time t 
and infinity, respectively whereas k is the reduction rate constant. These values were determined 
from the reduction curves using Arhenius Equation (2) [17]. 
 

  
Figure 3. (a) The effect of temperaure and time 
on concentration of cobalt in slag in closed-top 
furnace. (b), (c) Determination of rate 
constants, kCo, of cobalt reduction from 
reduction curves in (a). 

Figure 4. (a) The effect of temperature and 
time on concentration of copper in slag in 
closed-top-furnace.(b), (c) Determination of 
rate constants, kCu, of copper reduction curves 
in (a). 
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Figure 3a and Figure 4a shows the results obtained for cobalt and copper contents in slag as a 
function of reduction time and temperature for closed-top-furnace. Reduction rate constants (kCo, 
kCu), determined from Me% - t, (ΔWMe,t / ΔWMe,O) - t and ln(ΔWMe,t / ΔWMe,O) - t variations. 
Reduction curves for different temperatures, which were obtained by assuming the final slag 
concentration as at infinity are given in Figure 3b and Figure 4b. Reduction rate constants of 
cobalt and copper calculated by using equation (2) for different temperatures are given in Figure 
3c and 4c. These results show that with an increase in reduction temperature the reduction rate 
increases.  Similar calculation method was used for determine the reduction rate constants of 
cobalt and copper in open-top furnace and reduction rate constants obtained for different 
temperatures in both types of furnaces are shown in Table III, for different addition ratios and 
process durations in Table IV. 
 

Table III. Calculated k Values for Different Temperatures 

Run Slag T, K 
-k (10-3/s) Metallic Matte, % 

Matte T, K 
Co Cu Co Cu S 

1* 1523-1573 0.90 1.60 1.56 2.51 2.88 1538 
3* 1603-1633 1.30 1.70 1.38 2.38 2.83 1863 
2* 1703-1755 1.50 1.50 1.22 2.04 2.49 1923 

117** 1523-1543 1.70 1.70 2.38 3.51 2.89 1558 
116** 1593-1623 2.30 2.50 1.89 3.12 2.83 1571 
118** 1693-1743 3.50 3.30 1.76 2.62 2.71 1829 

*Open-top furnace, **Covered-top furnace. 
 

Table IV. Calculated k Values for Different Addition Ratios and Process Durations 

Run Additions, % 
Metallic Matte, % End Slag, % -k (10-3/s) Duration, 

sec. 
Recovery, % 

Co Cu S Co Cu S Co Cu Co Cu 
5* 2.50 Coke 2.09 2.20 - 0.10 0.12 - 0.60 0.80 3600 39.5 20.3 
9* 7.50 Coke 1.25 1.90 2.22 0.09 0.11 1.17 0.90 0.90 3600 65.5 77.0 
2* 10.00 Coke 1.22 2.04 2.49 0.09 0.10 1.15 1.10 0.90 3600 87.6 87.6 

15* 12.50 Coke 1.06 2.27 - 0.03 0.14 - 2.00 1.30 3000 86.6 91.0 

2* 
10 Coke, 

2 CaO 
1.43 2.41 2.89 0.10 0.10 1.01 - - 3600 86.7 89.2 

3* 
10 Coke, 

4 CaO 
1.38 2.38 2.83 0.09 0.10 1.07 1.00 1.40 3600 93.5 92.0 

4* 
10 Coke, 

6 CaO 
1.17 2.05 3.03 0.04 0.10 0.96 1.00 1.60 3600 95.7 90.7 

36* 
10 Coke, 
5 Al2O3 

1.10 1.61 1.89 0.05 0.11 0.58 1.50 1.60 2400 92.5 87.8 

38* 
10 Coke, 
10 Al2O3 

1.06 1.90 2.09 0.05 0.11 0.56 1.70 1.70 2400 88.5 85.7 

40* 
10 Coke, 
15 Al2O3 

1.08 1.70 2.19 0.06 0.10 0.48 1.90 1.40 2400 79.9 86.5 

41* 
10 Coke, 
20 Al2O3 

1.05 1.59 2.46 0.06 0.10 0.56 - - 2400 73.1 67.5 

119** 6 Coke 2.12 2.24 3.02 0.06 0.13 - 0.90 0.90 3600 49.9 70.9 
111** 10 Coke 2.31 3.12 2.90 0.06 0.11 1.01 2.30 2.50 1500 95.7 86.0 

*Open-top furnace, **Covered-top furnace, (-) Not analyzed. 
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Electrical Characteristics of Copper Slags 
 
The electric resistance between two electrodes in slag resistance furnace (SRF) is important 
factor for furnace design and performance [18-20] and can be defined as following equation. 
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where R: furnace resistance, fg: geometric factor, and σ: slag electrical conductivity. The furnace 
geometric factor, being linearly proportional to (R), is a function of diameter of the electrode (d), 
the depth of immersion (h), electrode spacing (s) and the depth of slag layer (H). 
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According to the calculations of Nielsen on salt solutions [19, 21], the furnace geometrical factor 
of a system is described in Equation 5 as an empirical formula and it can be applied to such an 
arc furnace system shown in Figure 5. 
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Figure 5. Schematic diagram of a direct 
current slag resistance furnace (DC-SRF). 

Figure 6. The relationship between current-
voltage variations and the distance between the 
electrodes. 

 
The geometric factor and the specific conductivity of the slags were calculated using Equations 
(3) and (5), respectively. Electrical values measured during smelting of 120 kg of slag without 
additives and the calculated values were given in Table V. In this experiments (Run: 106), no 
metallic or matte phase were observed in the crucibles. The slag temperatures were measured as 
~1440 °C. Mean specific conductivity of the slags was calculated as 1.848 Ω-1.cm-1. The 
relationship between current-voltage variations and the distance between the electrodes were 
plotted in Figure 6. As can be seen, when the distance between electrodes is zero, the short-
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circuit occurs at 15 V and 2000 A. The power applied to the furnace is kept constant at 60 kW 
using a potentiometer. Moving the electrode upwards increases the voltage and decreases the 
current. At the surface of the slag layer, the voltage reaches its maximum and the current reaches 
its minimum values. 
 

Table V. The Measured and Calculated Electrical Values of Küre Slag (Run: 106, d: 10 cm) 
H, cm H, cm V A R, Ω fg, cm-1 σ, Ω-1cm-1 σmean, Ω-1cm-1 

measured measured measured measured measured calculated calculated calculated 
29 29 15.0 2000 0.0075 - - 

1.848 

29 24 20.0 1800 0.0111 0.0180 1.622 
29 19 25.0 1650 0.0154 0.0260 1.689 
29 14 27.5 1575 0.0175 0.0336 1.919 
29 9 32.0 1450 0.0220 0.0425 1.932 
29 4 37.5 1360 0.0275 0.0571 2.076 
29 0 90.0 700 0.0190 -  

 
The measured and calculated electrical values of the ancient Küre slag with additives were given 
in Table VI. Since metallic phases were obtained in the bottom of the crucibles in each 
experiments, in addition to electrodes and conjunction cables, effect of metallic phase were also 
neglected in the calculations because of their high electrical conductivities. 
 

Table VI. The Measured and Calculated Electrical Values of Küre Slag with additives (d: 10 cm) 
Run Additives Slag Composition, % h H fg R σ T 

 % SiO2 FeO Al2O3 CaO cm cm cm-1 Ω Ω-1cm-1 °C 
35 10 coke 38.28 42.03 8.69 1.46 5.00 9.50 0.0250 0.0321 0.78 1250 

105 10 coke 32.73 46.28 7.50 1.37 11.00 23.40 0.0326 0.0403 1.16 1320 
110 10 coke 32.73 46.28 7.50 1.37 12.57 21.65 0.0270 0.0250 1.08 1327 
22 10 coke 36.10 44.18 8.23 1.45 6.20 9.50 0.0340 0.0290 1.17 1388 
10 10 coke, 2 CaO 42.20 28.67 8.77 1.60 1.10 9.50 0.0476 0.0321 1.48 1443 
11 10 coke, 4 CaO 41.75 28.31 9.00 6.09 2.70 9.50 0.0350 0.0250 1.40 1421 
12 10 coke, 6 CaO 39.11 31.58 9.06 8.69 2.14 9.50 0.0385 0.0250 1.54 1470 
36 10 coke, 5 Al2O3 42.67 30.81 18.91 1.60 3.80 10.50 0.0320 0.0860 1.12 1399 
41 10 coke, 20 Al2O3 34.50 25.36 34.75 0.29 5.10 11.50 0.0292 0.0250 1.17 1315 
 
The relationship between slag temperature and conductivity were also plotted in Figure 7. As can 
be seen, increasing temperature also increases the specific conductivity of the slag. 
 
In Figure 8, the results of the entire study were compared to those of previous published data. It 
can be seen that electrical conductivity of the slags that we obtained with/without additives are 
strongly similar to those of fayalite-based slags. 
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Figure 7. The temperature vs slag conductivity diagram of the copper slags. 

 

 
Figure 8. The variation of electrical conductivity of different slags with temperature. 

 
Conclusions 

 
Carbothermal reduction process carried out in a dc arc furnace to recover metals from the ancient 
Küre copper slag by adding 10% coke resulted in 95% cobalt recovery and 90% copper recovery 
and 2.38% cobalt concentration and 3.51% copper concentration at 1523-1543 K.  An increase in 
the amount of coke resulted with increase in the reduction recoveries of Co and Cu in open-top 
design. However the concentrations of Co and Cu in the metallic matte decreases due to excess 
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reduction of iron. In this process optimum coke amount, which does not cause excess iron 
reduction, is found as 10% charge weight. At the same coke content, higher Co and Cu 
recoveries and concentrations were obtained in closed-top furnace.  
 
It is possible to determine reduction rates for cobalt and copper by using Arhenius equation at 
different reduction temperatures. Increase in reduction rate by increasing temperature seems to 
be positive at first. However, low cobalt, copper and sulfur content was observed in metallic 
matte phase, which obtained by higher reduction rates. This may be due to higher cobalt and 
copper distribution ratio between metallic matte and slag at lower reduction temperatures. 
Therefore, to recover cobalt by hydrometallurgical treatment from alloy produced by the 
carbothermal reduction must be carried out at the lowest temperature in which alloy is melted, in 
other words lower reduction rates must be preferred in the reduction stage. 
 
Even at low temperature, in a closed-top furnace, the formation of foamy slag was observed 
because of reduced heat losses which allow reduction gases for longer times in the furnace. The 
most important effect for increasing the reduction rates is to keep the heat, which is necessary for 
endothermic reduction reactions, longer within the system by using cover and producing foam. 
Therefore, when compared to other systems, the time to reach equilibrium is shorter with 
covered furnaces because high reduction rates can be obtained at lower temperatures.  
 
The disadvantage of high reduction temperature, high reduction rate and open-top design is 
decreasing sulfur content for the purpose of leaching of metallic matte. Although an increase in 
reduction temperature decreases sulfur content of the metallic matte, the main reason for sulfur 
loss in metallic matte is oxidation of metal bath by increased stirring rate caused by increased 
reduction rate. Since the foam contains CO gas in the closed-top furnace, oxidation of sulfur is 
prevented and the metallic matte produced in the closed-top furnace will have higher sulfur 
content which is suitable concentration for further treatment such as leaching. 
 
The electrical resistance values of the molten ancient Küre copper slags were also measured 
during smelting conditions with or without additives in a DC electric arc furnace. The specific 
conductivities of the slags were calculated using empirical formula known as "furnace geometric 
factor". Mean specific conductivity of the slag was determined as 1,85 Ω-1.cm-1 at 1440 °C. 
Addition of coke, Al2O3 and CaO resulted to change in specific conductivity between 0.78 and 
1.56 Ω-1.cm-1 at temperatures of 1250 to 1470°C. The specific conductivity of the slag tends to 
increase with increasing temperature. 
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Abstract 

In the classical pyrometallurgical route for copper production from sulphide concentrates, the 
treatment of slags aims to recover copper through the coalescence of copper metal and copper 
sulphide particles. To assist with this settling process, a reductant is added to the slag to reduce 
the spinel precipitated phases (magnetite) in order to diminish the viscosity of the slag. While 
the impact on viscosity is typically the majority of reports in the literature, there is also the 
potential to reduce Cu2O and Cu2S dissolved in the slag. This can result in improved settling 
and increased recovery of copper.  

An experimental study on the reduction kinetic of industrial slags was done to evaluate the 
intrinsic rate of reduction of those types of copper slags by methane. The results are compared 
with the available literature on the rate of reduction for these types of reactions, showing that 
copper reduction is one the order of magnitude higher than the reduction of FeO, which is the 
key step of the smelting reduction processes developed in the ‘80s.

Introduction 

The recovery of Cu is a key parameter that impacts on the performance, and therefore, on the 
business of a smelter. Independent of the technologies used for the smelting and converting 
steps, all smelters treat their slags so that they are discarded with less than 1% Cu. The recovery 
process, called slag cleaning, is typically based on the coalescence and settling of copper and 
copper sulfides particles dispersed in the slag. This is achieved by decreasing its viscosity by 
increasing the bath temperature and reducing the iron spinel solid phases (commonly known as 
“magnetite”) that increase the apparent viscosity of the slag. The process is usually called a
reduction process because of the use of reductant as fuel for temperature control and magnetite 
reduction.  Typically, the reduction does not extend to the reduction of copper, and soluble 
copper (mainly as oxide) is lost in the slag at concentrations at or above 0.5%.   

An alternative to slag cleaning as discussed above is the slow cooling/flotation process where 
there is some settling of copper and copper sulphide particles followed by the slow cooling of 
the slag in beds or ladles.  The slow cooling promotes precipitation of the particles from 
solution and the slag can then be milled to recover the copper through flotation.  The use of slag 
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cleaning combined with slow cooling and flotation as an alternative to treat copper slags is 
more costly but leaves Cu in tailings typically about or below 0.4% - a level not possible from 
slag cleaning alone.  Nevertheless, a detailed evaluation must be done considering the energy 
cost related to grinding, the use of water, and the availability of tailing dumps. At the same 
time, the retreatment of the Cu concentrate produced in the mill will displace fresh concentrate, 
which ultimately results in a reduction of the throughput. 
 
The standard pyrometallurgical process for slag treatment, either in electric or tilting furnaces, 
could be improved by increasing the recovery of a major fraction of the dissolved Cu in the 
slag. Despite the evidence that most of the copper lost in discard slag is in the form of dissolved 
copper [1, 2], reduction of the slag to elemental copper has seen limited research, although there 
are reasons to suggest that this process could lead to practical recovery of copper from slags. 
 
The work presented here is intended to give proof of principle that is possible to reduce the Cu 
content of the primary Cu slag with extended reduction.  This experimental study used methane 
as the reductant and the evaluation was done by characterization of the reduced slag and on line 
gas analysis from the reduction experimental process to determine the rate of reduction of a mix 
of flash smelting and converter slags (Peirce Smith). 
 

Physicochemical Background 
 
Thermodynamic considerations 
The Cu dissolved in the slag is as Cu+ corresponding to Cu2O and Cu2S. The concentration of 
Cu2O is significantly more than that of Cu2S and therefore, the discussion centres around Cu2O. 
The reduction will proceed by a competition between the dissolved Cu2O and the iron oxides in 
the slag: solid spinel phases (represented by Fe3O4, magnetite), Fe2O3 and FeO; the last two 
ones as part of the liquid slag. 
 
The reduction of magnetite is thermodynamically more favourable than for Cu2O. There are 
three stages of the reduction, each overlapping slightly with the others.  In the first stage, solid 
Fe3O4 and dissolved Fe2O3 are reduced to FeO dissolved in the slag.  As the Fe3O4 becomes 
exhausted, the reduction of Cu2O takes over in the second phase.  As the concentration of 
dissolved copper species drops, FeO in the slag will be reduced to iron in the third phase (with 
still ongoing Cu2O reduction).  The equilibrium that represents this last condition is be written 
by the following reaction. 
 

(Cu2O)slag + (Fe)Cu = 2(Cu) + (FeO)slag  ( 1 ) 
 
The expression that quantifies the limit at which the reduction of Cu2O is overtaken by the 
reduction of FeO is the following: 

 

� � � � � � � � � �
2

(1) ln ln ln 2ln
o

Fe Cu O FeO Cu

G T
a a a a

RT
�

! � � �  ( 1 ) 

From this relation, the diagram in Figure 1 is obtained with aCu = 1 (the metallic Cu reduced 
will form a new phase) and by using the Factsage® software and databases for the initial 
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conditions of a mixture of 80 wt% flash smelting slag and 20% converter slag according to the 
compositions shown in Table 1. The FeO activity in the slag varies with temperature only 
slightly (0.42 to 0.44). This diagram can be interpreted by starting at a(Cu2O) close to 1 (where 
the activity of Fe in Cu is 1×10-4) and moving up the line to the left as the Cu2O is reduced from 
the slag.  For example, for an activity of 0.01 Cu2O in the slag, the equilibrium Fe in the Cu 
would be less than 1% (aFe in Cu = 0.01). This indicates that while the precipitated copper will 
have some iron contained in it, if the reduction is done with good control it may be possible to 
avoid significant precipitation of iron in copper, and certainly avoid iron solid particles in the 
slag. The phase diagram in Figure 2 shows that there is about 10% Fe than can be dissolved in 
copper before and iron rich copper alloy precipitation. 

 
Figure 1. Stability diagram for the reduction of FeO to Fe dissolved in Cu from 1250ºC to  

1400 ºC for a composition of 80% of flash smelting slag and 20% of converter slags. 

 
Figure 2. Cu - Fe phase diagram from Factsage® database. 

Cu2O – Cu – FeO  

Cu2O – Cu – (Fe)Cu 
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Reduction mechanism 
The reduction of oxides from melts has been widely studied in the field of iron production. 
Figure 3a [3] is a good summary of the measured rate of reduction of FeO with different 
reductants in different types of slags. In most of the cases, it was shown that the reduction 
follows a first order reduction with FeO content in the slag. The equivalent information for the 
reduction of Cu2O from slags is scarce. A good summary was done in a Masters thesis from the 
Helsinki University of Technology [4] where a simulation of the co-reduction of Cu+ and Fe+3 
is developed from the literature review for slags with 1.5 wt% of Cu2O and 11% wt% of Fe2O3 
(Figure 3b) using graphite as reductant. Unfortunately, this simulation does not mention the size 
of the solid reductant. 
 

 
(a) 

 
(b) 

Figure 3. Comparative kinetic information for the reduction of FeO and Cu2O. (a) Rate of 
reduction of FeO by different reductants, slags and temperature [3]. (b) Simulation of the 
kinetic of reduction of Cu2O to Cu and Fe2O3 to FeO [4]. 
 
A study using graphite as reductant [5] reports that the reduction of Cu2O to Cu in a fayalite 
slag is about 1 to 10 moles Cu2O×m-2×s-1, that is around 1 ton×m-2×hr-1. This result is almost 
one order of magnitude higher than the reduction of FeO in similar conditions. It was shown 
that the rate of reduction is first order with respect to Cu2O concentration in the bath with a 
constant of 4×10-3 s-1. The same study shows that for CO as reductant and similar slag 
characteristics the reaction is first order with CO partial pressure with rates of 0.5 moles O2×m-

2×s-1. In both cases the rate of reduction is at least one order of magnitude higher than the one 
for FeO. Those studies were done with slags at high Cu content (more than 10 wt% of Cu at the 
beginning), so they represent only a reference to compare with the study reported here where 
the content of Cu is below 2%. 
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Experimental Study 
 
Characterization of the slags 
The slag used from this study was taken from the Chagres Smelter, north of Santiago, Chile. 
The analysis reported does not considered the sulphides trapped in the slag. The blend used for 
the experiments was 80% flash smelting slag and 20% converter slag. 
 

Table 1: Characterization of slags. 

 
 
Methane reduction set up 
The set-up for the reduction is shown in Figure 4. The on line IR gas analyzer allows for 
tracking of the CO(g) and CO2(g) content in the gas during reduction. The experimental 
conditions of the inlet gas were such that the reducing gas flow was always far in excess to 
ensure that there was no control by mass transfer in the gas phase. For each mole of C that 
reacts (and forms CO(g) or CO2(g)) two moles of H2(g) are produced, which in turn will reduce 
the reactive oxides from the slag. The calculation of the H2O(g) formation allows an online 
determination of the total amount of oxygen released from the bath (CO + CO2 is analysed), 
and this corresponds to the reduction of Cu2O and Fe2O3 or Fe3O4. 
 
The experimental set-up was complemented by a sound recording sytem to follow the breaking 
of bubbles on the surface, which gives a count of the number of bubbles over a certain time.  
The gas flow injected into the system and the off gas composition, allowed for a mass balance 
to estimate the outflow from the reactor. Knowing, for a period of time, the number of bubbles 
breaking on the surface and assuming uniform size and shape, the area of bubbles can be 
calculated, and so on the associated total area, which is assumed for the calculations as the 
reactive area. Although this approach assumes thatthe bubble shape and size are uniform during 
ascent, it allows an estimation of the order of magnitude of interfacial area, (the coalescence of 
two bubbles of the same size will result in a loss of 1/3 of the area of the initial two bubbles). 
An example of the signal and its treatment is shown in Figure 5. 
 

Constituent Flash Converter Flash normalized CPS normalized 
Fe3O4  13.57%  13.42% 
Fe2O3 8.39%  8.32%  
FeO 49.77% 52.97% 49.38% 51.74% 
Cu2O 1.31% 3.31% 1.30% 2.94% 
SiO2 29.61% 30.90% 29.38% 30.56% 

Al2O3 6.40% 0.35% 6.35% 0.35% 
CaO 1.90% 0.30% 1.89% 0.30% 
MgO 1.10% 0.20% 1.09% 0.20% 
Na2O 2.20% 0.30% 2.18% 0.30% 
ZnO 0.10% 0.20% 0.10% 0.20% 

 100.78 101.11 100.00% 100.00% 

661



 
Figure 4. Set-up for reduction study. 

 

 
Figure 5. Audio signal of the bubbling produced during the CH4(g) reduction allowing the 

quantification of number of bubbles. Each pulse in the blue line represents a bubble. 
 

Results 
 
Methane reduction 
The dynamic mass balance allows for a measurement of the oxygen released from the bath and 
thus provides for a calculation of the slag composition. In a first part, a parallel reduction 
process was considered producing FeO from the reduction of precipitated and dissolved Fe+3 
compounds (solid Fe3O4 and dissolved Fe2O3) and Cu from Cu2O. Once those reactions were 
modelled, some experiments were extended to push the reduction to reduce FeO to Fe. Figure 5 
illustrates this type of calculation for experience Nº3 (Table 2). 
 

Crucible 
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Figure 5. Gas composition of out gases and slag composition estimated from the mass balance 

using this composition (Test 3 in Table 2). 
 
 

Table 2: Results for rate of reduction. 

Test Slag CH4(g) (ml/min) N2(g) (ml/min)* dnO/dt 
(mol/min) 

Bubbles area 
in 1 min. 

(mm2) 

Specific rate of 
reduction  

(mol O×m-2×s-1) 
1 FSF - CPS 120 80 2.00×10-2 9386 3.55×10-2 
2 FSF - CPS 220 80 1.50×10-2 11818 2.12×10-2 
3 FSF – CPS + CaO 120 80 1.50×10-2 9386 2.66×10-2 
4 FSF - CPS 60 60 9.00×10-3 6724 2.23×10-2 
5 FSF - CPS 60 60 7.00×10-3 6724 1.74×10-2 
6 FSF - CPS 60 60 7.00×10-3 6724 1.74×10-2 

(*): N2(g) has used to ensure a neutral atmosphere during the eating and melting of the slag. The lance has also a 
design where the CH4(g) was injected shrouded by N2(g). 
 
Microstructural characterization of solidified phases after reduction. 
The reduced slags were analysed using electron microprobe to establish the microstructural 
characteristics of the oxides phases in the slag and also the metal produced. It can be concluded 
that the reduction of the slag effectively permits a virtually complete reduction of Cu2O. 
Likewise, it can be seen that as the Cu2O becomes exhausted, the metal is enriched with Fe at a 
non-negligible level. The following figures show those results.  
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Figure 6. Matrix composition for test Nº 5 (Table 2). 

 

 
 

Figure 7. Matrix composition for test Nº 3 (Table 2). 
 

 
 

Figure 8. Matrix and metal composition for extended reduction, test Nº 2 (Table 2). 

Na2O 0.135 0.187 0.193 
MgO 0.206 0.148 0.211 
K2O 0.367 0.375 0.390 
Cu2O 0.183 0.213 0.200 
SiO2 37.66 37.60 37.58 
Al2O3 17.49 17.35 17.59 
CaO 0.225 0.241 0.249 
FeO 43.61 43.90 44.01 
Total 100.08 100.20 100.60 

Na2O 1.427 
MgO 0.175 
K2O 1.354 
Cu2O 0.081 
SiO2 52.28 
Al2O3 20.59 
CaO 3.087 
FeO 20.06 
Total 99.63 

Na2O 1.002 1.002 0.977 
MgO 0.881 0.873 0.931 
K2O 1.236 1.210 1.260 
Cu2O 0.079 0.110 0.123 
SiO2 37.04 37.15 37.16 
Al2O3 18.69 18.74 18.93 
CaO 1.610 1.605 1.628 
FeO 38.87 38.79 38.54 
Total 100.21 100.37 100.35 

   S        Cu       Fe      Total  
0.015 8.330 91.04 99.53
0.000 8.860 89.90 99.66
0.034 8.980 89.80 100.37
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Conclusion 
 
The reduction rates measured in this study were in the order of 0.02 mol O×m-2×s-1, higher than 
those reported for FeO. This result is aligned with the comparative data for reduction rates 
between Cu2O and FeO reported in the literature. As for gaseous reduction of FeO (H2 and CO), 
the rate of reduction of Cu2O with CH4 is comparatively low compared to the one obtained with 
graphite: 0.02 v/s 1 to 10 mol O×m-2×s-1. 
 
In the case of slag with higher content of Cu2O, the rate of reduction with CO appears to be far 
superior to that obtained with CH4 (0.5 v/s 0.02 mol O×m-2×s-1), however it is also reported that 
the rate of reduction is 1st order with Cu2O concentration in the slag, (possible control by mass 
transfer in the slag), which explains very well that having slag with as low contents of Cu as 
used in this study the rate must be lower. 
 
The process conceptualized from this experimental study should consider that the use of the 
reductant in a first stage is determined by a co-reduction of Cu2O and Fe2O3 / Fe3O4. The 
reduction can be extended to achieve a complete reduction of Cu2O, leaving a slag with Cu2O 
as low of 0.15 wt%. 
 
In the perspective of a complete reduction, beyond the Cu2O limit, one can conclude that there 
is no intrinsic physical chemistry limitation to produce pig iron and copper. In this case the 
remaining oxides of the slag could be fluxes in a similar way that the operation of a blast 
furnace does, obtaining a co-product available to be used as component of Portland cement. It 
should be noted that the operating temperature must be controlled at a higher level that 
guarantees to be in 100% liquid area of the Fe-Cu phase diagram, to prevent the formation of 
metallic Fe solid accretions. 
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ABSTRACT 

Copper concentrates which have high silica but low iron contents are difficult to smelt using 
conventional two stage smelting processes.  Direct to blister smelting is possible using either iron 
oxide fluxes to produce a fayalite type slag or silica and lime fluxes to produce a lime-silica-iron 
oxide slag.  The benefits of lime and silica fluxing option, have been quantified using both 
thermodynamic modelling and a campaign of pilot scale TSL (Sirosmelt) direct to blister 
smelting.  

Direct to blister smelting simulations were made with the MPE thermodynamic package.  The 
simulation results predicted that the copper losses to slag would be 7.9, 20.4 and 7.0% of input 
copper for the un-fluxed, iron oxide flux and the lime and silica fluxing scenario respectively.  
The slag make per unit of copper was 1.4 for the un-fluxed system, 2.4 for the iron oxide flux 
and 1.9 for the lime and silica fluxed systems. 

A series of pilot scale direct to blister smelting tests were conducted on the lime and silica 
fluxing system.  The copper content of slag varied between 7 and 10% and increased slightly 
with excess oxygen in the system (smelting ratio).  The slag make per unit of input copper varied 
between 1.5 and 2.4 which was in reasonable agreement with the calculated predictions. Copper 
losses to slag were mostly between 22 and 26% which is higher than predicted, due to the 
presence of entrained copper prills in the slag  

INTRODUCTION 

A new type of copper concentrate, containing low levels of iron and high silica content, is 
expected to come into production in the next 20 years [1].  These types of concentrates are not 
suitable for conventional matte smelting or single stage direct-to-blister smelting using a fayalite 
based slag, due to a low iron or pyrite content.  Iron oxide could be used to flux the high silica 
containing concentrates but will result in high rates of slag production and increased copper 
losses to the slag.  An alternative fluxing strategy using lime with small amounts of silica has 
been proposed. 
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There are three copper smelters operations that operate direct to blister processes [2].  All three 
use flash furnaces and include: the Glowgow copper smelter in Poland, the Olympic Dam 
smelter in Australia and the Chingola smelter in Zambia.  The direct to blister route is generally 
restricted to concentrates which have chalcocite (Cu2S) and bornite (Cu5FeS4) as primary 
minerals and relatively small amounts of pyrite (FeS2), chalcopyrite (CuFeS2) and silica (SiO2).  
Subsequently the concentrates have low iron and relatively high copper contents.  Table 1 shows 
the composition of concentrates and Table 2 shows the composition of the slag used for the three 
operations.   
  

Table 1: Composition of concentrates used in direct to blister copper smelting processes 
Operation Concentrate composition (wt %) 
 Cu Fe S SiO2 Al2O3 CaO MgO 
Olympic Dam 44 20 25 5 - - - 
Glogow 28 2.7 9.3 20 5.2 7.3 3.9 
Chingola 39 8 19 18 10 2 2 
    

Table 2: Composition of slag used in direct to blister copper smelting operations [2] 
 Slag composition (wt %)  
 Cu Fe SiO2 CaO MgO Al2O3 Fe/SiO2 
Olympic Dam 25 33 18 0 0 3.5 1.83 
Glogow 14.4 6 31 14 6 9 0.19 
Chingola 19.5 22.5 25.7 5.9 2.5 3.9 0.88 
 
The Glogow smelter operates without additional fluxing, [2-4].  Although the slag make is high 
at about 2.5 t/ t of copper, the total copper losses are controlled to about 28% of input copper.  
The Olympic Dam smelter uses silica as a flux and the resulting slag can be described by the 
Cu2O-FeOx-SiO2 system with a small amount of alumina [2, 4].  Slag production is about 1.4 t/t 
of copper and copper losses are 34% of input copper.  The Chingola concentrate contains low 
levels of iron and sulphur but high amounts of silica compared to conventional concentrates [2, 
5].  A lime flux is used which helps dissolve the high alumina and magnesia content of the 
concentrate and also decreases the dissolved copper content of the slag.  Slag production is 
between 1.4 and 1.6 t/t of copper.  Copper losses are between 28 and 43% of input copper. 
   
Taskinen [6-7] explained the benefits of adding a small amount of lime to an iron silicate slag 
system in direct to blister smelting.  Pure iron silicate slag systems are not thermodynamically 
stable in direct to blister smelting conditions and additives are required to increase the solubility 
of magnetite and olivine and to reduce the solubility of copper.  Lime additions of 5-15% to the 
iron silicate system can expand the molten slag range to include the stability range of blister 
copper containing less than 1 % sulphur.  This modified slag composition can increase the 
solubility of magnesia and alumina from gangue minerals in the concentrate. 
     
Most direct to blister copper smelting slags contain both silica and lime components, the 
exception is Olympic Dam where a slag from the SiO2-FeOx-Cu2O system is used.  The present 
work also advocates the use of slags in the silica-iron oxide-lime system to process concentrates 
which have high silica but low iron oxide contents.  The benefits include lower dissolved copper 
content, less copper losses in slag and low viscosity slags.   
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THERMODYNAMIC MODELLING 
 
In the design of fluxing strategies for single stage smelting of high silica low iron copper 
concentrates to blister copper, the thermodynamic properties of copper solubility, solid phase 
stability and viscosity need to be considered.  In particular consideration should be given to 
minimizing slag volume to avoid additional fuel and minimizing copper losses to slag.  
  
Figure 1 shows a calculated pseudo-ternary phase diagram of the SiO2-CaO-FeOx + 
(Al2O3+MgO+Cu2O) system.  This diagram was calculated using the MPE thermodynamic 
package [8].  A liquid region is predicted at 1200°C which is approximately triangular in shape.  
The liquid region extends close to the SiO2-FeOx border at about 35% SiO2.  The center region of 
the diagram at about 45% SiO2 and 15% CaO is in the middle of the liquid region at 1200 °C. 
   
When smelting a high silica concentrate containing chalcopyrite (CuFeS2) and bornite (Cu5FeS4), 
the molten concentrates, with no fluxing will produce a slag with a composition close to 42 % 
SiO2 and 1.5 % CaO which is marked by ‘A’ in Figure 1.  When fluxing with iron oxide (Fe2O3) 
the slag composition moves to the composition marked ‘B’ in Figure 1.  The alternative fluxing 
with limestone and silica will see the slag composition shift from the initial position to point ‘C”. 

 
Figure 1: Pseudo ternary phase diagram of the SiO2-CaO-FeOx + (Al2O3+MgO+Cu2O) system 

showing the un-fluxed slag composition and the two fluxing alternatives. 
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The results of the MPE calculations for smelting 100 kg/h of the concentrates to these three areas 
are shown in Tables 3 and 4 which contain the composition of the slags for each fluxing scenario 
and the mass of each stream, respectively.  
Table 3 shows that the un-fluxed system will produce a silica saturated slag that will have a 
liquidus temperature and viscosity too high for practical use.  The first fluxing option will 
produce an operable slag with a liquidus temperature close to 1200°C and a copper content of 
9.7% (as Cu2O).    The viscosity of slag from the first fluxing scenario was calculated from MPE 
and found to be 0.14 Pa.S at 1250°C.  In comparison the lime and silica fluxing option produced 
a slag with a calculated viscosity of 1.6 Pa.S at 1250°C with about 4.2 % dissolved copper (as 
Cu2O).  The higher viscosity for the second fluxing option is due to the higher silica content of 
the slag.  
     
Table 4 shows that when comparing the mass of slag and blister copper produced from the 
smelting of 100 kg of concentrates using lime and silica fluxing has a lower slag make and 
greater blister copper mass. In this case the lower copper content of slag has restricted the copper 
losses and hence the amount of blister copper is increased. 
   
Table 3: Composition and viscosity of slags produced in direct to blister copper smelting 

Fluxing system Slag composition (wt %) Viscosity 
(Pa.S) SiO2 CaO FeO Fe2O3 Cu2O MgO Al2O3 

Un-fluxed  39.6 2.0 26.5 10.1 6.6 2.0 13.1 SiO2 sat. 
Fe2O3 33.0 1.2 32.8 14.6 9.7 1.2 7.5 0.14 

CaCO3 and SiO2 43.6 15.0 18.1 8.17 4.2 1.5 9.4 1.61 
   

Table 4:  Masses of materials used in direct to blister copper smelting with different fluxing. 
Fluxing system Input streams (kg) Output streams (kg) 

Cons  Fe2O3 flux SiO2 flux  CaCO3 flux  Slag  Blister copper  Gas (m3) 
Un-fluxed  100 0 0 0 45.4 32.0 51.6 

Fe2O3 100 22.6 0 0 79.2 27.6 50.0 
CaCO3 and SiO2 100 0 1.7 15.4 63.4 32.4 55.0 
 

PILOT SCALE TESTWORK 
 

The operation of the mixed silica and lime fluxing strategy was tested in a series of pilot scale 
smelting tests.  Solid materials used in the direct-to-blister smelting included: high silica -low 
iron copper concentrates (concentrate-1), a more conventional copper concentrate (concentrate-
2) quartz and limestone flux. The composition of these materials is shown in Table 5. 
 
The Sirosmelt pilot plant at CSIRO laboratories at Clayton Australia was used for the smelting 
testwork.  The plant consists of four main components and include: a feed delivery system, a 
smelting vessel and lance control equipment, a gas and fume removal and treatment system and a 
process control and data logging system.  Together these components form the Sirosmelt pilot 
plant which is illustrated schematically in Figure 2.  Sulphide materials were rolled into pellets of 
5-10 cm.  These pellets and fluxes were fed to the furnace via a belt and vibratory feeder.  Heat 
was generated by the submerged combustion of natural gas with oxygen enriched gases which 
was injected into the slag bath through a stainless steel lance. 
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Table 5: Composition of materials used in the smelting experiments 
Material Composition (Wt %) 

Fe Cu S SiO2 CaO MgO Al2O3 Na2O K2O 
Concentrates -1 11.2 33.6 17.4 20.4 0.78 0.85 5.46 0.88 1.74 
Concentrates -2 25 20.8 22.6 20.2 1.92 2.08 3.78 0.054 0.18 
Limestone 1.17 0.02 0.01 6.06 48.4 0.43 1.55 0.15 0.141 
Quartz 0 0 0 99.9 <0.01 0.03 0.02 0.03 <0.005 
Matte 4.78 68.5 20.0 1.41 0.18 0.10 0.38 0.14 0.02 
 
   
During smelting samples of slag and blister copper were collected at regular intervals using a 
steel dip rod and a steel cup on a long steel rod respectively.  The smelting progress was 
monitored through the analysis of these slag and copper samples.  
 
Seven direct-to-blister pilot scale smelting tests were conducted in the smelting campaign. All 
the tests involved the continuous feeding of concentrates, fluxes to a molten slag bath while 
injecting gases through a Sirosmelt lance.  The target temperature for the smelting tests was 
1250°C.  
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Figure 2: Schematic diagram of the Sirosmelt plant and ancillary equipment 
 
STEADY STATE 
The aim of the pilot plant smelting tests was to reach a steady state while producing blister 
copper containing about 1% sulphur.  The approach to steady state can be illustrated using the 
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slag composition for Test 3 (Figure 3).  The initial slag samples have slightly elevated copper 
levels at about 11 and 10% respectively.  After 120 minutes the copper levels remain fairly 
constant at an average of 8.5%.   The CaO/SiO2 and Fe/SiO2 ratios remained constant through 
the three hour test.  The steady state silica, lime and iron content of the slag was 39, 17 and 16% 
respectively.  The slag was very fluid at the operating temperature of 1250°C.  A stable foam 
was observed during the tests did not cause any operational difficulties.  
 

 
 

Figure 3: Slag composition during direct to blister smelting Test 3 
 
SMELTING RATIO AND SMELTING CONDITIONS 
The key operating parameter in oxidative smelting systems is the oxygen to concentrate ratio.  
This is expressed as the amount of oxygen (Nm3/h) which is available to smelt a unit of 
concentrates (kg/h), and is termed the “smelting ratio”.  The amount of oxygen available for 
smelting was calculated using equation 1. 
 
Smelting oxygen = oxygen flow + 0.21 x air flow – 2.04 x natural gas flow       [1] 
 
For each Sirosmelt test the gas flows (oxygen, air and natural gas) were logged and the total 
amount of each gas injected to the slag bath was calculated and are shown in Table 6, along with 
the calculated smelting ratio.  High smelting ratios indicate more oxidising conditions and would 
be consistent with higher copper contents in slag and lower sulphur contents of blister copper.  
 
Table 6: The amount of injected gases, smelting oxygen and smelting ratio for the Sirosmelt tests 
Test 
No 

Total natural 
gas (Nm3) 

Total air 
(Nm3) 

Total oxygen 
(Nm3) 

Smelting oxygen 
(Nm3) 

Total feed 
(kg) 

Smelting ratio 
(Nm3/kg) 

1 19.77 229.6 4.28 12.18 80 0.152 
2 21.77 176.7 22.78 15.48 95 0.163 
3 29.05 204.5 41.15 24.84 150 0.166 
4 26.01 155.6 42.09 21.72 130 0.167 
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5 23.12 177.2 46.58 24.821 140 0.177 
6 19.17 148.1 31.53 23.53 130 0.181 
7 20.87 157.8 32.92 23.48 130 0.181 

 
Figure 4 shows a graph of the copper content of slag plotted against the smelting ratio for the 
Sirosmelt tests.  The general trend is a slight increase in the copper content of slag as the 
smelting ratio increases.  The copper content of slags are generally higher than calculated 
(3.7%).  This difference could be explained by entrained copper prills in the direct-to –blister 
slags. 

  
  Figure 4: Graph of copper content of tapped slag plotted against the smelting ratio  
 
DEPORTMENT OF COPPER  
During copper smelting, copper can deport to the slag or blister phases.  Copper deportment to 
the fume has not been considered.  Table 7 shows the input and output copper flows for the 
smelting tests.  The amount of copper in the output streams (slag and blister copper) was 
calculated from the steady state composition of the slag and copper and the recovered mass of 
the streams.   
 
Table 7 shows that the copper losses to slag varied between 22 and 42 as a percentage of input 
copper.  Most of the results were between 22 and 26 %.  Outliers occurred in Tests 2 and 7.  In 
Test 7 the amount of copper in slag was much higher than the other tests.  This was because at 
the end of the last test the furnace was thoroughly cleaned out with all the slag and accretions 
removed.  This increased the amount of slag recovered and hence the amount of copper in the 
slag.  In Test 2 the amount of blister copper recovered was much lower than in the other test.  
Overall the copper lost to slag is higher than predicted in the thermodynamic modelling.  The net 
amount of slag produced per unit of copper contained in concentrates varied between 1.5 and 2.4 
with an average value of 2.1.  This is close to the expected ratio predicted from the smelting 
simulations of 1.9. 
 

                                                 
1 In Test 5, 8.4 kg of crushed coal was added which consumed 11.8 m3 of oxygen.  This oxygen was removed from the calculated smelting 
oxygen (36.62 Nm3).    
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Table 7: Copper balance during direct to blister copper smelting 
Test 
No. 

Cu in starting slag 
+ copper (kg) 

Cu in cons 
(kg) 

Total Cu 
in (kg) 

Cu in slag 
(kg) 

Cu in blister 
(kg) 

Total Cu 
out (kg) 

Cu in 
slag (%) 

1 2.4 26.9 29.3 6.8 21.6 27.8 23 
2 3.4 31.9 35.3 17.2 14.8 32.0 42 
3 3.0 50.4 53.4 13.6 29.4 43.0 25 
4 12.2 43.7 55.9 13.3 29.5 42.8 24 
5 12.2 47.0 59.2 15.4 38.2 53.6 26 
6 10.0 53.0 63.0 13.7 32.2 45.9 22 
7 10.9 64.0 74.9 29.1 30.7 59.8 39 

              
CONCLUSIONS 

 
Copper concentrates containing high amounts of silica and relatively small amounts of iron can 
be smelted directly to blister copper using iron oxide to form a traditional fayalite (FeO-30% 
SiO2-10% Cu2O) type slag or fluxed with silica and lime to form a 15 % Ca-44% SiO2-FeOx-
4.2% Cu2O slag.  The benefits of the lime and silica fluxing include: lower dissolved copper 
content, less slag make and lower copper losses to slag.  These benefits have been demonstrated 
in a thermodynamic modelling exercise using the MPE thermodynamic package and through a 
pilot scale direct to blister smelting campaign using the TSL Sirosmelt reactor at CSIRO in 
Clayton, Australia.  
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Abstract 

Selenium is a value added by-product of copper process. The lower recovery of selenium from 
the copper process is attributed to the high loss of selenium in the discarded slag. Knowledge of 
selenium behavior in slag is very important in the control of the selenium loss. The samples of 
slag and matte were collected from the smelter exit before their separation. The experiments 
involving slag-matte separation were performed at 1250° C for 4 hours of soaking time under 
inert atmosphere in a vertical tubular furnace with the addition of selenium dioxide in different 
proportions.  The association of selenium in various phases of the slag was determined using 
electron microscopic analysis. The selenium was found to be replacing the sulfur of the 
entrapped matte phase in slag. With an increase in selenium content, the size of entrapped matte 
phase decreased, thus causing high loss of copper in slag.   

1. INTRODUCTION

Copper concentrates, the primary source of commercial selenium, are well known to be sulfide 
concentrates. Copper concentrates usually contain a number of elements such as selenium (Se), 
Tellurium (Te), Gold (Au), Silver (Ag), Platinum (Pt) etc. The recovery of these elements in 
copper smelting processes is often a key to the overall economics of the process. The selenium 
concentration in copper concentrates is low enough, less than 500 ppm. This selenium is a 
valuable by-product in the smelting of copper concentrates. Selenium is recovered as a by-
product during processing of electrolytic copper refinery slimes for gold and silver. The low 
recovery of selenium in copper process is attributed to the selenium loss in discard smelting slag 
after the slag-matte separation. Since the distribution behavior of selenium between matte and 
slag during the pyro-metallurgical treatments of copper sulfide concentrates affects the recovery 
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of selenium and the revenues gained from by-products, the investigation of selenium dissolution 
mechanism in slag and matte system is necessary to achieve the desirable control of selenium.  
 
A number of investigations have been carried out for the distribution of selenium between slag 
and metallic copper under converting conditions [1-6].  However, only few investigations 
reported the distribution of selenium between matte and slag system. Elizabeth at. al. [7] 
considered iron silicate slag and matte of the matte grade 40 to 60% at 1250 °C, which is 
irrelevant at present for the matte grade above 60%. Also, the matte becomes ionic above 60% of 
matte grade. The distribution of Se is therefore expected to be different at higher matte grades. 
Choi at. al. [8] and Sinha at. al. [9] considered iron silicate slag and nickel-copper-iron matte at 
1250 °C and proposed the reduction of FeO in slag by gaseous Se to form FeSe as the 
mechanism of selenium dissolution in matte. Under oxidizing conditions during copper smelting, 
the reduction of FeO by Se is unlikely, as the former is thermodynamically more stable. Besides, 
there is no sufficient information available to substantiate the hypothesis of Se dissolution in slag 
as FeSe. Moreover, the data of the sulfide matte system, which is the interest of present 
investigation, were not mentioned. Furthermore, there is a scarcity of published thermodynamic 
data to study the selenium distribution between matte & slag. In the present work, the 
distribution of selenium between slag and matte has been studied and the mechanism of selenium 
dissolution in slag and matte has been established.  
  

2. EXPERIMENTAL 
 

The representative sample, which is the mixture of molten slag and matte, from smelter outlet 
(base sample), was collected for investigation. In the process, the molten slag-matte mixture is 
separated owing to their density difference in the Settler. The slag from the settler is discarded 
off, whereas the matte is further treated in the convertor. The molten mixture of matte and slag 
sample collected from smelter outlet was allowed to cool in air at the collection site. The sample 
was then crushed to a uniform size < 75 μm.  The pellets (height ~ 8 mm & dia ~ 25 mm) of the 
samples were prepared using molasses at 35 KN force. Pellets were placed inside the alumina 
crucible (height ~ 40 mm & inner diameter ~ 28 mm). The crucible was placed over the base of 
the furnace as shown in Figure 1. The entire assembly was inserted inside the alumina reaction 
tube of a vertical tube furnace using movable tube support. The furnace was flushed with 
nitrogen gas before the experiment.  Nitrogen flow ~ 3 lpm was maintained during the 
experiment. The sample was heated at 1250 °C.  The crucible was kept into the hot zone of the 
furnace, a region 5-cm long over which the temperature variation was ± 2 K. The temperature 
was measured by R-type (Pt/Pt-13% Rh) thermocouples. One thermocouple was located just 
above the crucible and other at the bottom. After the heating, the sample was cooled slowly by 
nitrogen inside the furnace.  The slag and matte phases were then removed from the crucible and 
weighed.  
 
Slag being oxides of various elements, the selenium dioxide in powder form (>99.9% purity, 100 
mesh size) was added to the 30 gm of the base sample. The 5 sets of samples (pellets) were 
prepared with addition of selenium dioxide powder to the sample i.e. 0%, 0.1%, 0.5%, 1.0%, and 
5.0% by weight. ‘0%’ indicates there is no addition of selenium in the sample. However, the 
original sample contained ~500 ppm of selenium. All the experiments were conducted in 
alumina crucible at 1250 °C under nitrogen atmosphere and at four hours of soaking time. The 
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sample were cooled under nitrogen atmosphere. After the experiments, the samples were 
weighed and separated by physical means before finely ground for chemical analysis. Samples 
were analyzed for selenium by inductively coupled plasma (ICP) techniques following acid 
digestion. The bulk compositions of slag and matte samples were determined by titration and 
gravimetric methods.  

 

 

 

Figure 1. Schematic diagram of experimental set up (vertical tube furnace) 
 

 

3. RESULTS & DISCUSSION 
 
3.1 Phase separation 
 
The quantity of slag and matte separated after the experiments is shown in Figure 2. The slag to 
matte ratio reduces marginally up to 1.0%SeO2 addition and significantly at 5.0% SeO2 addition. 
This can be explained from the quantity of matte separated. The quantity matte separated 
increases steadily with an addition of SeO2. Figure 3 shows the variation in selenium content of 
slag and matte with selenium dioxide addition. The selenium content of slag and matte increased 
with selenium dioxide addition. However, the selenium deportation to matte is much higher than 
to slag at 1250 °C. It shows higher affinity of selenium for matte. This could be the reason for 
the increase in matte quantity with selenium addition. The chemical analysis of matte is shown in 
Figure 4. The copper, iron and sulfur content (in wt. %) of matte decreased with SeO2 addition. 
The chemical analysis of matte thus confirms the association of selenium with matte.  
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Figure 2. Variation of slag to matte ratio and matte quantity with selenium dioxide addition at 

1250 °C. 

 

 

Figure 3. Variation of selenium content of slag and matte with selenium dioxide addition at 1250 
°C. 

  

3.2 Se dissolution in slag and matte 
 
X-ray diffraction (XRD- Bruker D8 Advance) analysis was carried out at 2-Ø from 5 to 80 with 
CuKα (1.5A°) radiation. The XRD analysis of matte samples is shown in Figure 6. Bornite 
(Cu5FeS4) was identified as the major phase of matte, followed by chalcocite (Cu2S), magnetite 
(Fe3O4), metallic copper (Cu) etc. The selenium Cu2Se (copper selenide) was found in matte 
phase at higher content of selenium. Cu2Se phase could not be detected by X-ray diffraction in 
matte containing selenium less than 5%.  The main peak of bornite phase is at 2Ø=47˚. But with 
selenium content in matte at & above 2.2%, the shift in the pick of bornite phase observed to the 
left side. This shifted pick is expected to be Cu5FeS4-xSex.  The intensity of the chalcocite pick at 
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2Ø=33˚ decreases with an increase in selenium content in matte. The selenium is believed to 
have replaced the sulfur of matte.  The slag was found to contain mainly in fayalite phase.   
 

 

 

Figure 4. Variation of copper, iron and sulfur (wt. %) in matte with selenium dioxide addition at 

1250 °C.  

The slag and matte samples were analyzed by scanning electron microscope (Hitachi, S-4800, 
type-1). Microstructures of the nitrogen cooled slags and matte and compositions of the phases 
present in the samples were determined using an energy dispersive spectroscopy (EDS/EDX) 
(Horiba Software used: Enca). An accelerating voltage of 20 KV and a probe current of 10 nA  
were used. The average accuracy of the measurements was estimated to be within 1 weight 
percent.  

 

 

Figure 5. Variation of copper, sulfur and selenium (at. %) of EDX area scans on matte matrix 

with selenium dioxide addition at 1250 °C. Each result is an average of ten analyses. 
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Figure 6. X-ray diffraction patterns of matte at different selenium content 

 

 

The results of electron microprobe analysis of matte and slag samples are shown in Figure 7(a) 
and 7(b), respectively. All the matte samples consist of predominantly three phases (1) Bornite 
phase (Cu5FeS4), which is in dark grey. Bornite phase is the main matte matrix, (2) Metallic 
copper (Cu), which is in light grey. (3) Magnetite (Fe3O4), which is in black. The trace metals 
such as arsenic, antimony and lead are concentrated in the metallic Cu only. The Cu, S and Se 
content (in atomic %) of EDX scans of matte matrix is shown in Figure 5. The selenium content 
of matte matrix of matte samples was plotted against copper and sulfur content. Each point on 
the graph is an average of ten analyses. Selenium was not detected in matte samples separated 
from the base sample.  Selenium was detected in a matte sample separated from the base sample 
with 0.1%, 0.5%, 1.0% and 5.0% SeO2 addition. Selenium was detected in the matte matrix 
(bornite phase) only of the matte sample. The selenium content of the matte matrix increased 
with selenium dioxide addition. It is also observed that the sulfur content of matte matrix 
decreased proportionately with increasing selenium content. However, the copper content of the 
matte matrix was unchanged with SeO2 addition. Selenium was not detected in metallic copper, 
as it is evident from table 1. Selenium was not detected also in the magnetite phase of the matte 
(analysis not shown). It is therefore inferred that the sulfur of the matte (Cu5FeS4) is substituted 
by selenium according to reaction-1. 
 

Cu5FeS4 + xSeO2 = Cu5FeS4-xSex + SO2 ……………… Reaction-1 
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The substitution of matte sulfur by selenium can be explained from their crystal ionic radii size, 
which is nearly similar for sulfur and selenium. The bulk chemical analysis of matte as shown in 
Figure 4 further corroborates the fact that sulfur of the matte samples was substituted by 
selenium, thus changing the matte from Cu5FeS4 to Cu5FeS4-XSeX. It was calculated from the Se 
mass balance that nearly 5 to 10% of Se added to the base sample was vaporized to gas phase. Se 
was not detected in the gas stream during the experiments. The amount of Se vaporized was thus 
calculated based on the Se mass imbalance by subtracting the Se quantity in matte and slag from 
the known quantity of Se added in the base sample.   

 

Figure 7. BSE images of (a) matte separated (b) slag separated from base sample 

 

The results of electron microprobe analysis of slag samples are shown in Figure 7(b). All the slag 
samples consist of predominantly three phases (1) Matte phase, which is white color and 
entrapped in slag matrix, (2) Slag matrix (Fe2SiO4), which is in light grey. (3) Slag matrix 
(FeAlSi3O9), which is in dark grey color. The compositions of entrapped matte phase in slag, as 
shown in table 2, show the presence of selenium in samples with 0.1% or more selenium dioxide 
addition. As the selenium content of entrapped matte increased, the sulfur content decreased 
proportionately, while iron and copper content did not show much variation. As expected, the 
selenium dissolution in entrapped matte particles was similar to that in matte matrix (Figure 5). 
The initial copper content of the starting slag was 0.9 wt. %.  
 

Table 1. Compositions of the metallic copper phase in the matte samples determined by SEM-
EDAX (indicated in Figure 7(a)). Each result is an average of ten analyses. 

 
Se addition in 
base sample, 

Wt.% 

Cu (at. 
%) 

Fe (at. 
%) 

S (at. 
%) 

O (at. 
%) 

Se (at. 
%) 

0.0% 92 1.6 0.7 5.6 0 
0.1% 99 0.0 1.1 0.0 0 
0.5% 94 0.6 0.0 5.0 0 
1.0% 95 0.0 0.5 4.2 0 

5.0% 94 1.3 0.0 4.5 0 
 

Fe3O4 

Matte 
matrix Cu 

Slag (FeAlSi3O9) 

Slag 

(Fe2SiO4) 

Matte 
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Table 2. Compositions of the phase indicated by Matte particles in the slag samples (Figure 7(b)) 
determined by SEM-EDX.  Each result is an average of ten analyses. 

 
Se addition in 
base sample, 

Wt.% 

Cu  
(at. %) 

Fe  
(at. %) 

S  
(at. %) 

Se  
(at. %) 

0 37 14 43 0.0 
0.1 52 9 38 0.6 
0.5 50 8 36 1.3 
1 49 10 37 1.8 
5 50 9 31 6.4 

 

 
Table 3. Compositions of the phase indicated by Fe2SiO4 [FeAlSi3O9] in the slag samples 

(Figure 8(b)) determined by SEM-EDX.  Each result is an average of ten analyses. 
 

SeO2 
addition 
in base 
sample, 

wt% 

O 
(at.%) 

Mg 
(at.%) 

Al 
(at.%) 

Si 
(at.%) 

S 
(at.%) 

K 
(at.%) 

Ca 
(at.%) 

Ti 
(at.%) 

Fe 
(at.%) 

0.0% 63 [66] 1 [0] 0 [6] 14 [18] 0 [0] 0 [1] 0 [2] 0 [0] 22 [5] 
0.1% 41 [44] 2 [0] 3 [12] 22 [28] 0 [1] 0 [1] 1 [5] 0 [0] 30 [10] 
0.5% 44 [46] 0 [0] 8 [12] 24 [27] 0 [1] 1 [1] 3 [5] 0 [0] 16 [8] 
1.0% 44 [45] 2 [0] 4 [12] 20 [28] 0 [1] 1 [1] 1 [5] 0 [0] 28 [8] 
5.0% 44 [48] 2 [1] 4 [10] 22 [27] 0 [0] 1 [1] 1 [5] 0 [0] 26 [7] 

 
The compositions of slag matrix as determined by SEM-EDX are shown in table 3. The slag 
matrix, which is light grey in Figure 7(b), is fayalite (~Fe2SiO4) phase as it is evident from its 
compositions in table 3. Similarly, the slag matrix, which is in dark grey in Figure 8(b), is ~ 
FeAlSi3O9 phase (table 3). Alumina crucible was used during the experiments and thus the 
dissolution of alumina to some extent was also observed while removing the slag from the 
crucible. The dissolved alumina reported to the slag and caused formation of alumina rich phase 
(table 3).  However, the selenium could not be detected in slag matrix (table 3). The selenium 
was detected only in the matte phase entrapped in slag (table 2).  Thus the selenium dissolution 
in slag as SeO2, the slag being oxides of Si, Fe, Al etc, is ruled out. As the selenium is associated 
with copper rich matte phase in slag, the recovery of selenium from slag can thus be increased by 
improving settling of entrapped matte particles from slag.  

 

4. CONCLUSIONS 
 

The mechanism of selenium dissolution in slag and matte has been established in present 
investigation. It is observed that the selenium is dissolved in the matte by substitution of sulfur. 
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The selenium dissolution was observed only in the matte matrix (phase containing sulfur) of the 
matte phase. The selenium does not dissolve in slag.  The selenium is lost to slag in the form of 
entrapped matte particles (physical inclusions), which are not able to settle through the slag 
layer.  Selenium dissolution in slag by any other mechanisms is thus ruled out and thus the 
recovery of selenium from slag can be increased by improving settling of entrapped matte 
particles from slag. 
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Abstract

Molten oxidation is a sustainable process for direct precipitation of magnetite from melt copper
smelter slag because it involves zero or less energy input due to the exothermic reaction and free
reducing carbon addition. During molten oxidation, magnetite precipitation occurred
preferentially because of its intensive ferromagnetism and large crystal size, which enables
downstream magnetic separation. Previous milligram-scale experiments conducted using an
infrared furnace show that magnetite could be precipitated, while precipitation of hematite was
limited under an atmosphere of 1 vol% oxygen. In this study, gram-scale experiments were
conducted using an electric furnace to verify larger-scale molten oxidation at 1 vol% oxygen.

Introduction

Copper slag, a solid waste product of copper smelting operations, is dumped in huge quantities
around the world. It is estimated that approximately 30–40 million tons of copper slag, mainly
smelting slag, is produced worldwide every year[1,2]. The most common and effective method of
recycling copper slag is using it in cement production as an additive. However, in developed
markets such as North America, Western Europe, and Japan, overcapacity in the cement industry
has become increasingly serious, thereby increasing the necessity for alternative recycling
processes. Asia’s share of worldwide copper smelter output jumped from 27% to 56% in the last
10 years. Thus, reconsideration of the practice of dumping slag is a pressing issue for Asia. In
addition, the tightening of environmental regulations provides further motivation to recycle
slag[3,4].

Copper smelting slag, an amorphous granulated material, results from quick solidification.
Generated as industrial solid waste from matte smelting, it mainly contains iron silicates [(Fe, Al,
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Ca, Mg)xSiOy] melted by smelting the copper concentrate and silica flux. Iron concentrations are
nearly 40% by mass in the slag. Utilization of this secondary resource is under widespread
consideration: recovering the iron content would effectively decrease the volume of dumped slag.
The recovered high iron-bearing product could then be reused for iron or steel production[5].

Proposal

Figure 1 depicts our proposed molten oxidation process for the precipitation of magnetite based
on directly blowing an oxidizing gas onto the molten copper smelting slag. During this process,
most nonmagnetic iron-containing components (iron silicate or fayalite) are designed to be
transformed into magnetite, which would permit selective recovery of iron-bearing and
non-iron-bearing slag constituents for specific purposes. The solid residue, mainly silica, would
be suitable for future use as flux for a copper smelter or in the production of ceramic materials.

Fig.1 Proposed process flow for recycling molten copper slag.

In a recently published study[6], a simulation of our proposal, i.e., directly blowing oxidizing gas
onto molten slag for magnetite precipitation, was implemented using an infrared furnace. The
crystallization behaviors were studied, which showed a trade-off relationship between magnetite
and hematite. It was found that a lower oxygen partial pressure was beneficial for the
precipitation of magnetite. In particular, the use of 1 vol% oxygen resulted in selective oxidation
for magnetite precipitation.
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In the above milligram-scale experiments, magnetite could be precipitated from the molten slag
during molten oxidation using 1 vol% oxygen. In the present study, gram-scale experiments will
be performed using an electric furnace. It was designed that the magnetite precipitated copper
slag would be used in the downstream magnetite liberation and separation.

Experimental

The schematic of the experimental apparatus is shown in figure 2. The gas system was assembled
to simulate the conditions of our proposal for studying magnetite precipitation. In this study, Ar
gas was used during the heating and cooling processes to ensure that copper slag was in the
original state.

Fig.2 Schematic of the experimental apparatus.
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Fig.3 Experimental procedures of molten oxidation.

Molten oxidation was performed using the following procedures as shown in figure 3. First, the
copper slag sample (100 g of original copper slag in a magnesia crucible) was melted at 1573 K
under Ar gas. Then, the temperature of the molten sample was stabilized at the melting
temperature to ensure uniform melting. Subsequently, gas flow comprising 1 vol% oxygen was
initiated into the furnace and to the sample surface at 5 L/min to begin the crystallization, as
shown in figure 4. After heat treatment for a certain duration, the sample was cooled under Ar
gas to room temperature.

Fig.4 Top blowing parameters of molten oxidation in an electric furnace.
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The magnetite content was measured by X-ray diffraction (XRD; D2 PHASER, 30 kV, 10 mA,
Cu-K�, Bruker, Germany) using the internal standard method for semi-quantitative analysis.
Typical samples obtained by the different treatment conditions were characterized using a laser
microscope (OLS4100, Olympus, Japan).

Results and Discussion

Gram-scale experiments in the electric furnace show almost the same phenomenon as the
milligram-scale experiments performed in the infrared furnace. The use of 1 vol% oxygen
resulted in selective oxidation, resulting in magnetite precipitation and limiting hematite.

Hundred grams of melted copper slag in the crucible was approximately 1 cm in height. The
blowing of oxidizing gas on top would cause a variation in the magnetite content throughout the
molten slag because of chemical diffusion. Considering this, samples from the top and bottom
parts of the magnetite-precipitated copper slag were extracted and subjected individually to XRD
analysis to determine their magnetite content. The results are shown in Figure 5.

Fig.5 Variation of the magnetite content in copper slag during molten oxidation under an
atmosphere of 1 vol% oxygen.

It was observed that as the oxidation time increased, the magnetite content increased from the
original 7.5 mass% to approximately 40–50 mass% after 10 h of molten oxidation in a 1 vol%
oxygen atmosphere. During this process, the iron in the slag matrix is hypothesized to be
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oxidized into magnetite. In particular, because of the selective oxidation ability of 1 vol%
oxygen, oxidation of hematite was limited and the main precipitated iron oxide was magnetite, as
shown in the XRD patterns (Figure 6).

Fig.6 Typical examples of XRD patterns of copper slag after molten oxidation.

Moreover, the use of the magnesia crucible might cause magnesium dissolution into the slag
during molten oxidation. It was found that the magnesia content increased to approximately 7
mass%. The rise of magnesium content would contribute to a new phase of (Fe, Mg, Ca)SiO3 in
the slag and this is indicated by small peaks in the XRD patterns. Because magnesia dissolution
was impossible to avoid using the current experimental conditions, the discussion takes into
account this condition.

After molten oxidation, the crucible containing the copper slag with precipitated magnetite was
cut and a cross-section of the sample was fixed in resin and polished for micro-analysis of the
crystal morphology using the laser scanning microscope. The microscope images of the copper
slag after molten oxidation in a 1 vol% oxygen atmosphere for 5 h are presented below.

692



Fig.7 Typical laser microscope images of copper slag after molten oxidation in 1 vol% oxygen
atmosphere for 5 h.

The cross-section of slag samples produced characteristic crystal structures. It can be seen that
square-like crystals, larger than approximately 50 μm, occupied the majority of the sample, and
are magnetite. There were some other characteristic tower- or needle-like structures. These
crystals are hypothesized to be a type of transformation structure between magnetite and
hematite examined in the previous study.

Conclusions

In this study, gram-scale experiments were performed using an electric furnace under 1 vol%
oxygen atmosphere. At this condition, the iron in the slag matrix was selectively oxidized into
magnetite, and oxidation of hematite was limited. Magnetite crystals, larger than approximately
50 μm, occupied the majority of the sample.
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Abstract 

CEQCSI is an ArcelorMittal in-house built thermodynamic equilibrium calculation software 
which is used both at high temperatures typically for slag-metal reactions but also at “low” 
temperatures to study solid phase transformations and precipitation in solid steel. It has been 
built to accommodate different thermodynamic models for slag (the Cell model, the Generalized 
Central Atom model - product of a collaboration between ArcelorMittal Global R&D Maizieres 
and CSIRO Melbourne), for steel (sublattice model, Wagner Interaction Parameter Formalism) 
as well as for oxide, sulfide, carbide… solid solutions. Examples of application concern Si, Mn, 
S slag-metal equilibrium in Blast-Furnace, P partition in BOF slags, slag-metal equilibrium for 
flat and long products in ladle… Apart from data relating to mass transfer between different 
phases at equilibrium, CEQCSI proposes several estimates for slag viscosities with among them 
one delivered by a new model based on the Generalized Central Atom thermodynamic model for 
slags. CEQCSI conception allows also handling some kinetic problems such as desulfurization in 
ladle or slag/metal reaction in mold. 

Introduction 

In recent years, the steelmaking industry has beneficiated from the development of mathematical 
models able to reproduce the main chemical reactions occurring at the different stages of the 
steel production. At ArcelorMittal, the CEQCSI software (Chemical EQuilibrium Calculations 
for the Steel Industry) has been developed to that purpose. It includes models of the different 
phases involved in these reactions: liquid and solid metal, slag, inclusions, precipitates... For 
slags, one option is to use the Generalized Central Atom (GCA) model developed in the 
framework of a 7-year collaboration between ArcelorMittal Global R&D Maizières and CSIRO 
Melbourne. In a first part of this paper, the theoretical principles on which the GCA model is 
built will be briefly reminded and a new viscosity model using the slag description provided by 
the GCA model will be presented. Two applications to hot metal and to liquid steel will illustrate 
the practical use of CEQCSI even if the software is not limited to these high temperatures and 
can be applied to solidification as well as to steel transformation and precipitation at lower 
temperatures. 

Even for processes when the equilibrium state cannot be reached, the thermodynamic models 
provide the background for more appropriate kinetic approaches. Thus, CEQCSI is used for the 
development of kinetic models of slag/metal reaction for steel desulfurization in ladle and, more 
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recently, for slag/metal reaction in CC mold. The latter model, still in development, beneficiates 
from the recent progress obtained in the evaluation of mass transfer coefficients.  
 

The Generalized Central Atom for Metallurgical Slags 
 
The Generalized Central Atom model, based on the quasichemical approach, has been developed 
through a collaborative research project between the CSIRO Mineral Resources Flagship and 
ArcelorMittal Global R&D Maizieres. Its database covers now the P2O5-SiO2-TiOx- CrOx-Al2O3-
FeOx-MnO-MgO-CaO-Na2O-K2O-S-CaF2 system. It is based on the same principals as the so-
called "Cell model" developed by H. Gaye and co-authors [1] but provides a better description of 
the short range order phenomenon.  
 
GCA unifies in the same formalism the Cell model and the Central Atom model originally 
proposed by Lupis and Elliott [2] for solid steel and very similar to the "surrounded atoms 
model" developed at about the same period at the LTPCM [3,4]. In the GCA model, the structure 
is also described in terms of cells composed of a central atom surrounded by a shell of its nearest 
neighbors but also by a shell of its second-nearest neighbors. The central atom can be either an 
anion or a cation. In a system with m components with t substitutional elements, a cell is noted 
as:  

tk21

mr1t

i,...i,...i,i

j,...j,...j
J  

Second-nearest neighbors 
Central atom 
Nearest neighbors 

(1)

Similarly to the Cell model, two kinds of parameters are considered in the GCA model, namely 
formation and interaction energy parameter. The formation energy of the cell is noted J

{j}{i},  

where J represents the central atom and {i} and {j} presents the whole set of cations and anions 
present on the first- and second-nearest neighbors shells. For the sake of simplicity, the 
formation energy term is assumed to be the sum of the contributions of the two shells:                                         

J
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J
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To reduce the number of parameters, different assumptions can be formulated to describe the 
energy variation for the central atom according to the composition of the chemical neighborhood. 
For the formation energy, the following expression has been chosen:  
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This formula shows that the model accepts ternary parameters as for example Al
SiCa .A simple 

dependence on temperature and a linear dependence on composition have been introduced. 
The more precise description of Short Range Ordering (SRO) phenomenon as well as the added 
flexibility in the definition of the parameters solves the problem of the inaccuracy of the Cell 
model for silica-rich compositions of alumina bearing slags [5]. 
 
Recently, a modification has been done to better fit the systems containing both Al2O3 and Na2O. 
Similarly to what has been implemented in the MQM model [6], an atom-like species NaAl4+ has 
been introduced and this modification improves a lot the description of the SiO2-rich part of the 
SiO2-Al2O3-Na2O system (Figure 1). 
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Figure 1. Comparison between liquidus temperature measurements along the joint silica-albite 
and calculations performed with the initial GCA model, the revised GCA model and the MQM 

model [6] 
 
As an example of the predictions delivered by the model, Figure 2 compares, for a very large 
bunch of experimental works collected in the literature, calculated and experimental values of P 
activity. Given the uncertainties affecting thermodynamic measurements in these systems, the 
agreement is believed to be fairly satisfactory. 

 
Figure 2. Comparison between P activity (ref state: 1 wt% diluted solution in liquid steel) 

calculated with GCA and experimental values [7-20]. 
 

The GCA Model for Slag Viscosity 
 

Besides “old” slag viscosity models as Urbain’s model [21] for ladle slags or Riboud’s model 
[22] for mold slag, CEQCSI now proposes to the users a new viscosity model based on the 
description in terms of cells of the slag structure provided by the GCA thermodynamic model. 
The formalism is the one proposed by Kondratiev et al. [23]:  
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(4)

where μ is the viscosity, k the Boltzmann constant, Ev the energy of vaporization, Ea the 
activation energy, mSU and vSU the weight and volume of the structure units (atom or molecule in 
simple liquids), T the temperature (K) and R the perfect gas constant. Ev and Ea are expressed 
as polynomials function of the cell numbers (or exponential polynomials in case of Na2O-bearing 
systems). The coefficients of these polynomials are assessed against the experimental data.  

 

Figure 3. Comparison between experimental and calculated values of slag viscosities belonging 
to the SiO2-Al2O3-FeOx-MnO-MgO-CaO system. S=SiO2, A=Al2O3, Mn=MnO, Mg=MgO, 

C=CaO, Fe=FeOx 

A global view of the results is given in Figure 3 for the system SiO2-Al2O3-FeOx-MnO-MgO-
CaO.  

Figure 4. Iso-viscosity values - log(mPas.s) - in the ternary SiO2-Al2O3-CaO at 1500°C and in 
the ternary SiO2-Al2O3-Na2O at 1400°C. Isotherms (red heavy lines) have been calculated with 

the GCA model. Red points represent experimental data [24-44]. 
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Figure 4 provides another way to look at the results. On the same ternary diagrams, values of 
experimental determinations are plotted along iso-viscosity lines for two chemical systems of 
prime importance for the steelmaker: Al2O3-CaO-SiO2 for secondary metallurgy slags and 
Al2O3-Na2O-SiO2 for mold slags. 

Equilibrium 
 

Ceqcsi is built in such a way to allow easy calculations of various quantities of prime importance 
for hot metal or steel production operations: slag liquidus temperatures, slag physical state, 
slag/metal equilibrium conditions (through, for instance, the comparison of the oxygen activities 
given by the different couples oxide/deoxidizer), effect of alloy additions on inclusions, etc...  
 
Figure 5 is an example concerning Blast Furnace slags. It shows that substituting MgO to CaO 
could favor K capture by the slag without hampering the desulfurization. 

Figure 5. Isovalues of the logarithms of the potassium (left) and sulfide capacity (right) as 
function of the MgO contents (wt%) and of the basicity 

B=(wt%CaO+wt%MgO)/(wt%SiO2+wt%Al2O3) of slags containing 2 wt% Al2O3 and 0.1 wt% 
K2O calculated at 1550°C with the GCA model. 

Figure 6 concerns Basic Oxygen Furnace operations. CEQCSI has been used to simulate the effect 
of increasing additions of MgO in BOF slag. It can been seen that these additions have an effect 
on the physical state of the slag (small additions push the slag outside the primary phase domain 
of C2S and, for additions larger than 6 kg, inside the primary phase domain of magnesio-wüstite 
– see figure caption for details) and on the P equilibrium partition ratio which decreases 
noticeably when the slag is completely liquid. 
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Figure 6. Effect of MgO additions on P partition ratio and percentages of dicalcium silicate (C2S) 

and of magnesio-wüstite. Initially 70 kg of slag of the following composition 0.5%P2O5 – 
18%SiO2 – 1%Al2O3 – 30%FeO -2%MgO and 48.5%CaO at 1650°C is brought to equilibrium at 

1650°C with 1 tonne of a steel containing 0.08%Mn – 0.008%P – 0.03%C – 700 ppm O. 

Kinetics 
 

CEQCSI formalism allows easy handling of some kinetic problems as for instance complex 
oxides inclusions precipitation during steel solidification [45], carbo-nitrides precipitation in 
austenite [46] or ladle desulfurization [47] assuming either complete equilibrium at phase 
interface or including models for interfacial reactions.  

 
Figure 7. Calculated evolution with time of the metal sulfur content at 1600°C.  Dotted line: 

"metastable” slag w/o solids; light line: slag partly crystallized; heavy line: partly crystallized 
slag with a slag/metal interface area reduced proportionally to the percentage of solids.  

Figure 7 is an example of the latter modeling which considers all possible reactions between slag 
and metal and not only the S transfer. Diffusion in slag and metal are taken into account and 
reaction can occur with a top slag and with slag droplets whose size, number and residence time 
can be chosen (in accordance with experimental results or with CFD calculations). The effect of 
the presence of solid phases is clearly shown: a partial crystallization of the slag hampers the 
desulfurization process and this phenomenon is exacerbated if the slag/metal interface area is 
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assumed to be reduced proportionally to the percentage of crystallized oxides. 

One of the key-components of these kinetic models are the mass transfer coefficients and 
research at ArcelorMittal is presently focused on deriving precise values for them [48]. First 
application will concern reactions between mold flux and steel in CC mold. Figure 8 presents the 
result of a preliminary calculation and consists in mimicking some results obtained by P. 
Chaubal et al. for free machining steel [49]. The enrichment of the slag in MnO is consistent 
with the industrial observations. One of the advantages of the method under development when 
compared to [49] is the possibility to use more sophisticated thermodynamic models for slag and 
steel, which could be necessary in particular for new steel grades.  
 

Figure 8. Calculated evolution of steel and slag composition in CC mold for a free machining 
steel. 

Conclusion and Future Work 
 

CEQCSI is continuously improved to better fit the needs of the steel industry. For instance, the 
new generation of steel grades motivates presently a research project on the improvement of the 
thermodynamic mixing models for the steel phases. If the interest of Li2O and B2O3 additions in 
mold slags is confirmed, an extension of the thermodynamic GCA model as well as of the GCA 
viscosity model will certainly be contemplated.  
 
Kinetic modeling requires a coupled development between CFD and CEQCSI. Two steps are 
envisaged for the model of slag/metal reaction in mold presented in the paper: a full coupling 
where thermodynamics (and possibly chemical kinetics) is used “locally” in each cell defined for 
CFD and a “lighter” version suitable for quick and easy calculations where simplifications will 
be done based on results derived from the CFD calculations as for instance a partition of the 
vessel in perfectly mixed zones. Examples of such approaches can already be found in the 
literature [50,51]. 
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Abstract

Phase equilibria studies of the CaO-Fe2O3-SiO2 system in air from 1200oC to 1260oC have been 
carried out at Fe-rich region with particular focus on the phase chemistry of Silico-Ferrite of 
Calcium (SFC) phase and associated equilibria. The measurements have been made possible 
through the use of a modified experimental technique involving high temperature equilibration, 
rapid quenching followed by electron probe X-ray micro analysis (EPMA). The compositions 
and temperatures determining the limits of the primary phase field of the SFC phase have been 
determined for the first time. Isothermal sections for 1220oC, 1240oC, 1255oC and 1260oC have 
been measured and the liquidus in the SFC primary phase field has also been determined.

Introduction

The system CaO-FeO-Fe2O3-SiO2 forms the basis for the description of the chemical behaviour 
of slags encountered in a wide range of metallurgical ferrous and non-ferrous processing 
systems. One of the important features of the system is that the phases present and the phase 
equilibria are dependent on not only bulk composition and temperature but also on the effective 
oxygen partial pressure of the system. At the one extreme, at low oxygen partial pressures, the 
system is limited by equilibrium with metallic iron; even under these conditions the iron species 
in the liquid oxide phase are present in both ferrous, Fe2+ and ferric, Fe3+ states [1]. The 
proportions of ferric iron in these slags increase with increasing oxygen partial pressure and 
decreasing temperature [2]. 

The CaO-FeOx-SiO2 system (see Figure 1) [3, 4] can be characterised by two low melting 
temperature regions; one at relatively high silica concentrations, the other at low silica 
concentrations approaching the CaO-FeOx pseudo-binary join. Most experimental studies of the 
system have been undertaken to define the phase assemblages formed and the liquidus in the 
silica-rich region of the phase diagram. This silica-rich region is of direct relevance to 
steelmaking and non-ferrous, fayalitic smelting slags. The low-silica region is of interest to non-
ferrous, “calcium ferrite” converter slags and ironmaking.

It is the iron-rich, low-silica corner of the system that is of particular interest to ironmaking 
practice. The majority of iron ore fines used in primary metal production are agglomerated into 
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Figure 1. SiO2-Fe2O3-CaO ternary phase diagram in air [3], [4].

porous, reactive but physically strong, lump material for feed into the iron blast furnace using the 
Dwight Lloyd moving grate sintering process [5]. The feed to the process consists of typically, 
iron ore fines and return sinter fines, limestone and dolomite flux, and fine coke. As the charge 
progresses through the process air is drawn through the porous bed and the charge is heated 
through combustion of the coke in the bed. The charge then experiences a range of temperatures 
and gas conditions as the combustion and the heat fronts progress through the bed.

The production of high quality iron ore sinter is an important factor in achieving high 
productivity, and high thermal and chemical efficiencies in modern blast furnace practice. 
Control of sinter microstructure is the key factor in attaining optimum physical and chemical 
properties. Research reports and literature available to date [6] have suggested the formation of a 
particular phases namely Silico-Ferrite of Calcium (SFC) and/or Silico-Ferrite of Calcium and 
Aluminium (SFCA) during the sinter making play a dominate role in determining the sinter 
microstructure, and the metallurgical properties of iron ore sinter, such as, reducibility, 
mechanical strength and soften temperature. There is strong experimental and anecdotal evidence 
to suggest that SFC and SFCA are formed through crystallisation from the liquid phase, 
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however, inspection of the liquidus surfaces for the CaO-Fe2O3-SiO2 system in air, see Figure 1 
[1, 2] shows no primary phase field for these compounds. Iron-rich, low-silica corner of the 
diagram consists of primary phase field of magnetite, Fe3O4; hematite, Fe2O3; calcium oxide, 
CaO; calcium di-ferrite, CaO.2Fe2O3; monocalcium ferrite, CaO.Fe2O3; di-calcium ferrite, 
2CaO.Fe2O3. The lack of experimental data also means that current thermodynamic databases do 
not include the SFC and SFCA phases. 
 
The SFC phase has been found [7] to be stable of the system CaO-Fe2O3-SiO2 in air; and its 
crystal structure reported has been confirmed [8] by X-ray powder diffraction studies. Isothermal 
phase equilibria studies [9] for temperatures in the range at 1240oC to 1270oC have been 
undertaken for the iron-rich corner of the phase diagram. In this study it was found that the SFC 
phase was stable up to 1252oC in air and to melt incongruently at higher temperature to form 
hematite and liquid. The compositional range of SFC was measured by electron probe 
microanalysis and reported to be between 3.9wt% and 6.8wt% SiO2. The experiments involved 
the equilibration of (3.5g) pellitised, synthetic chemical mixtures supported by Pt foil in air and 
quenching into water. The samples were then examined using optical microscopy, EPMA and 
XRD analysis. Using this technique it was not possible to measure the compositions of the 
coexisting solid and liquid phases. The results have provided a valuable initial guide to the 
phases present in the sub-system CaO-FeO-Fe2O3-SiO2 in the composition ranges of interest to 
iron ore sintering, however, the compositions of all the phases observed were not reported. It was 
clear that using this technique it was not possible to retain the liquid present at temperature as a 
glass phase on cooling to room temperature in these low-SiO2 liquids; this meant it was not 
possible to accurately determine the liquidus surface in the high-iron region of the system or the 
conjugate phase relations between solid and liquid solutions. 
 
The aim of present study is to accurately determine the slag liquidus compositions and the 
solid/liquid phases that coexist at equilibrium with focus on the SFC primary phase field. 
Particular efforts have been put on addressing the issue of quenching high-fluidity, low-SiO2 
liquid. 

 
Experimental 

 
Over a number of years experimental procedures for phase equilibrium measurements have been 
developed by the Pyrometallurgy Research Laboratory (PYROSEARCH) at the University of 
Queensland [10]. The technique involves high temperature equilibration of a synthetic oxide 
sample in a controlled gas atmosphere. The sample is then rapidly quenched so that the phase 
assemblage present at high temperature remains unaltered. The quenched sample is mounted in 
epoxy resin, polished for metallographic examination and microanalysis, and the compositions of 
the crystalline solid phases are measured by electron probe X-ray microanalysis (EPMA) with 
wavelength dispersive detectors (WDD). 
 
Preparation of oxide mixtures  
 
The starting mixtures were made from CaO (99.98 wt% purity), Fe2O3 (99.98 wt% purity), SiO2 
(99.98 wt% purity). Mixtures of selected bulk compositions were prepared by weighing the high 
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a) 

purity powders, mixing them thoroughly using an agate mortar and pestle then compacted to 
produce a pellet weighing around 0.2 gram. 
 
To ensure that the specimen could be cooled rapidly following equilibration the pellet was 
supported initially on a platinum wire formed into a spiral shape (see Figure 2a). During 
equilibration, the sample became partially molten and flowed into the gaps between the spirals 
and was held onto the wire by the surface tension (See Figure 2b). In this way on quenching the 
sample the liquid slag phase was the first phase to come in direct contact with the quenching 
medium (water). This results in very high quenching rate and minimizes the extent of 
crystallisation of the liquid during the quenching process. It was found that platinum, under the 
conditions investigated, did not dissolve in or contaminate the slag samples. 
 

sample pellet

Pt wire

equilibrated
sample

BEFORE equilibration AFTER equilibration

 
 
 
 

Figure 2 Sample a) before and b) after equilibration 
 
High temperature equilibration technique 
 
All equilibration experiments were conducted in a vertical impervious re-crystalized alumina, 
reaction tube in electrical resistance-heated furnaces. The sample was introduced from the 
bottom of the vertical tube furnace and suspended by a sample holder constructed using Pt wire. 
The experiment commenced by raising the sample into the uniform temperature hot zone of the 
furnace. After the equilibration, the specimen was rapidly quenched by dropping it directly into 
the iced water. The samples were mounted in epoxy resin, polished using conventional 
metallographic polishing techniques and carbon coated for subsequent electron probe X-ray 
micro-analysis (EPMA). 
 
To monitor the actual temperature of the sample, a working thermocouple of 6-30 wt% Rh/Pt 
was placed in a re-crystallised alumina thermocouple sheath immediately adjacent to the sample. 
It is estimated that the overall absolute temperature accuracy of the experiment is within 5oC. 
 
Analysis technique and selection of measurement points 
 
The rapid quenching technique successfully retains phase assemblages present at the 
equilibration temperatures. The compositions of various phases were measured using JEOL 

b) 
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8200L EPMA with wavelength dispersive detectors (JEOL is a trademark of Japan Electron 
Optics Ltd., Tokyo). A 15-kV accelerating voltage and 15 nA probe current were selected for the 
micro-analyzer operation. The standards (Charles M. Taylor, Stanford, CA) used in the EPMA 
measurements were as follows: wollastonite (CaSiO3) for Ca and Si, hematite (Fe2O3) for Fe. 
The Duncumb–Philibert correction based on atomic number, absorption, and fluorescence (ZAF 
correction, supplied by JEOL) was applied. The accuracy of compositions measured was 
expected to be within 1wt%. Only the Me-cations concentrations were measured with EPMA; 
the corresponding oxidation states were assigned. 
 
As mentioned previously, due to the high fluidity of low SiO2 liquid, it is impossible to obtained 
well-quenched liquid phase across the whole sample even when the open support method was 
used. Mounted samples were examined carefully under the electron microscope at high 
magnifications and well quenched areas were selected when carrying out the EPMA 
measurement for the liquid phase. Following example is given. A micrograph of a sample 
containing hematite-SFC-liquid three phase equilibrium phase assemblage is shown in Figure 3. 
It consists of large crystalline hematite and SFC grains surrounded by a liquid phase. Within the 
liquid phase and at the interface of liquid and solids, clusters of fine needle-shaped 
microcrystalline phases were observed; these phases were believed to have precipitated out of 
the liquid during quenching (e.g. region A). It is generally found that better quenching was 
obtained at the edges of the sample where direct contact with quenching media was expected. 
Measurement of the liquid composition should then be carried out on the well quenched areas, 
such as B, rather than those of type A, where there is the presence of microcrystalline 
precipitates. The direct observation of the phase assemblage makes it possible to distinguish 
phases that were present at the equilibration temperature. In this sense the present technique is 
superior to the use of XRD, although the latter can provide useful information on the crystal 
structures and confirm the individual phases present. The cracks in the sample have formed after 
cooling as evidenced by the continuity of the crack position across the phase boundaries between 
solid and (liquid) glass phases, and the solid/solid interface boundaries. 
 
The following phases have been identified in the range of compositions investigated: liquid (L), 
silicoferrite of calcium solid solution (SFC); hematite, H, (Fe2O3); dicalcium silicate, C2S, 
(2CaO.SiO2); calcium diferrite, CF2, (CaO.2Fe2O3) and calcium monoferrite, CF, (CaO.Fe2O3). 
 
Liquidus between 1200oC to 1260oC 
 
The liquidus of the iron-rich corner of the CaO-Fe2O3-SiO2 system in air deduced from the 
results of the present investigation is shown in Figure 4. The eutectic and peritectic temperatures 
on the CaO-“Fe2O3” binary system in air were taken from previously studies by Liu et al. [11]. 
The CF and CF2 phases melt incongruently and form a binary eutectic at 1205oC. This eutectic 
reaction extends into SiO2-containing system and a peritectic reaction involving C2S, CF and CF2 
phases occurs at 1192oC and approximately 4.2wt%SiO2. The eutectic liquidus temperature 
continues to decrease with increasing silica concentration; at 1192oC and 4.4wt% SiO2 the 
eutectic reaction is between C2S and CF2. The temperature continues to decrease until the ternary 
eutectic point involving C2S-CF2-SFC is reached at 1185oC and 6wt% SiO2. 
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Figure 3 Example of microstructures observed (in backscattered electron mode) in the CaO-

“Fe2O3”-SiO2 system in air at 1240oC showing the hematite-liquid-SFC phases in equilibrium. 
 
 
The primary phase field of the SFC solid solution (labelled as “S”) was found to exist in a 
narrow range of compositions between 4-8.5 wt% SiO2. The SFC field is bounded by the 
primary phase fields of hematite (labelled as “H”), calcium di-ferrite (labelled as “CF2”) and di-
calcium silicate (labelled as “C2S”). The points abcd on Figure 4 mark the limits of the SFC 
primary phase field. The point a) marks the coexistence of the SFC-CF2-H phases; point b) 
marks the coexistence of the C2S-CF2-SFC phases; at point c) the phases C2S-SFC-H are present 
and at point d) SFC and H. Point d) represents the maximum temperature at which SFC can 
exist; above this temperature only liquid and hematite are present. The dashed lines marking the 
particular temperatures indicate the estimated positions of these isotherms. 
 

B 

A 

Mounting 
compound 

Hematite 

SFC 

Liquid 
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Figure 4. Estimated liquidus of CaO-Fe2O3-SiO2 system in air including the SFC primary phase 

field based on the results of the present study and binary data reported by [11]. Legend: H = 
Hematite (Fe2O3), SFC = SFC solid solution, L = Liquid, C2S = Dicalcium silicate (2CaO.SiO2), 

C2F = Di-calcium ferrite (2CaO. Fe2O3), CF = Calcium monoferrite (CaO.Fe2O3) and CF2 = 

Calcium diferrite (CaO.2Fe2O3). Temperatures in oC. 
 
Liquidus  
 
The liquidus obtained in the present study for the CaO-Fe2O3-SiO2 system, shown in Figure 4, 
differs from that of Phillips and Muan [3], which has been the accepted diagram for this system 
to date. The SFC phase did not appear on the previous versions of the liquidus. The present study 
provides information on the limits of the SFC primary phase field. This information is essential 
to identify the compositions and temperatures in which this phase will form from the liquid. 
The narrow region over which the SFC phase can be formed helps to explain why the presence 
of this SFC primary phase field was not recognised in the earlier investigations.  
 

Summary 
 

Phase equilibria in the CaO-“Fe2O3”-SiO2 ternary system in air have been determined between 
1200oC to 1260oC with the focus on identifying the limits of stability of the SFC phase. 
Particular attention has been paid to minimizing the experimental uncertainties including: 

- Developing special experimental techniques to address the challenges in quenching 
the low-SiO2, high-fluidity liquid encountered in iron-rich compositions.  

- Confirmation of attainment of equilibrium  
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- Area selection for composition measurement using EPMA. 
  
The major findings and results of the present study are summarised as follows 
- Isothermal sections in the CaO-Fe2O3-SiO2 system in air have been constructed for 

1220oC, 1240oC, 1255oC and 1260oC. 
- The primary phase field of SFC and the liquidus between 1200oC to 1260oC of 

CaO-“Fe2O3”-SiO2 system at Fe-rich side have been determined and constructed for 
the first time. 

- The SFC solid solution was found to be stable below 1255oC in air and melt 
incongruently to form hematite and liquid above this temperature.  

- The substitution mechanism of SFC solid solution was found to be in good 
agreement with the reaction Si4+ + Ca2+ = 2Fe3+ 

- The SFC primary phase field was found to exist over a narrow range of 
compositions bounded by the primary phase fields of hematite (Fe2O3), dicalcium 
silicate (2CaO.SiO2) and calcium diferrite (CaO.2Fe2O3).  
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Abstract

The effect of Ca-Mn substitution on the sulfide capacity of the MnO-CaO-SiO2 (-Al2O3-MgO)
melts were explained from the Raman scattering data, from which the structure information 
for the network modifying role and sulfur stabilizing role of Ca2+ and Mn2+ ions were 
obtained. The effect of Ce2O3 on the sulfide capacity of the MnO-SiO2-Al2O3-Ce2O3 melts 
were understood based on the structure data, from which the charge compensating role of 
Ce3+ and the amphoteric behavior of alumina were obtained. Employing the structure analysis, 
the thermochemical properties such as capacity of the oxide melts with no thermodynamic 
data can be understood in terms of ‘composition-structure-property’ relationship.  

Introduction 

Desulfurization (de-S) has been emphasized over several decades in iron- and 
steelmaking processes, because sulfur is harmful to the mechanical properties of steel 
products. Additionally, the de-S of Mn (ferro-)alloys and high Mn steels is an important issue, 
due to the introduction of AHSS such as TRIP and TWIP aided steels that were recently 
developed to contain Mn up to about 30% [1]. Thus, Even though many researchers have 
investigated the sulfide capacities of molten slags, there are a few experimental data 
regarding high MnO-containing aluminosilicate melts. Moreover, there is still room for 
further understanding in regard of the influence of Ca-Mn substitution on the sulfur 
dissolution mechanism in (alumino-)silicate melts.  

On the other hand, the addition of rare earth elements such as Ce, etc. in molten steel has 
been known to improve the high temperature oxidation resistance of stainless steels [2]. We 
recently found that the CeOx-containing aluminosilicate inclusions are formed in melting and 
refining processes of Ce-containing steels [3,4], during which the sulfur in molten steel can 
be dissolved into the CeOx-containing oxides. Thus, the thermodynamic information of the 
sulfide absorption ability, i.e. sulfide capacity of the CeOx-containing aluminosilicate system 
is also necessitated. Unfortunately, however, there is no experimental and thermodynamic 
data for this oxide system.  

Therefore, in the present paper, the influence of molten oxide composition on the sulfide 
capacity of the MnO- and CeOx-containing aluminosilicate melts will be discussed in terms 
of composition-structure-property relationship by employing the micro-Raman and NMR 
spectroscopic methodologies for structure analysis.  

Experimental procedure 

A super-kanthal vertical electric resistance furnace was used for the equilibration 
between the MnO-CaO-SiO2 (-Al2O3-MgO) slags and gas phase at 1873 K. The temperature 
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was controlled within ±2 K using an installed B-type thermocouple and a PID controller. The 
slag samples were prepared using reagent-grade chemicals. The slag sample of 1.2 g was 
maintained in a Pt crucible which was held in the porous alumina holder under the CO-CO2-
SO2-Ar gas mixture for 8 hours. A constant flow rate of 400 ml/min was maintained during 
the equilibration of the slag with gas mixture at the experimental temperature. Each gas was 
passed through the purification system to remove the impurities. The oxygen and sulfur 
partial pressures were p(O2)=2.8 10-7 and p(S2)=4.7 10-3 atm, respectively. A schematic 
diagram of the experimental apparatus is given elsewhere [5-7]. 

After equilibration, the sample was quickly drawn from the furnace and then quenched 
by dipping it into brine. The quenched samples were crushed to <100 m using stainless and 
agate mortars for chemical analysis. The content of sulfur and each component in the slag 
were determined by combustion analyzer and XRF spectroscopy, respectively. The activity of 
each component in slag phase was calculated by commercial thermochemical computing 
program, FactSageTM7.0 with ‘‘FToxid’’ database. 

The sulfide capacity of the MnO-SiO2-Al2O3-CeOx system at 1873 K was measured by 
similar procedure under the same gas potentials as mentioned above. In order to confirm the 
predominant oxidation state of Ce under the present experimental conditions, the XPS 
analyzer was employed with a reference to the binding energy of Ce3+ and Ce4+. The details 
of the preparation of glass samples and the experimental procedure of Raman and NMR 
spectra analysis are given elsewhere [8,9]. 

Results and Discussion 

Composition-Structure-Capacity relationship of the MnO-CaO-SiO2 (-Al2O3-MgO) melt 

The iso-sulfide capacity of the MnO-CaO-SiO2 and the MnO-CaO-SiO2-20%Al2O3-
5%MgO slags at 1873 K is shown in Figure 1. The capacity contours commonly seem to 
rotate clock-wisely from the MnO-free side to the MnO-rich corner in both systems [5-7]. 
Thus, the sulfide capacity increases by increasing the MnO/CaO ratio at a fixed silica content 
which is greater than about 30%, whereas it decreases by increasing the MnO/CaO ratio at 
silica content lower than about 30%.  

Figure 1. Sulfide capacity contours in the MnO-CaO-SiO2 (-Al2O3-MgO) slags at 1873 K.  

The CaO which has more ionic bond character, i.e. 79% based on the Pauling’s equation 
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[10], dominantly contributes to the depolymerization of silicates than the MnO (ionic bond 
character 63%) does. Hence, the large amount of Ca2+ is electrically balanced with two non-
bringing oxygen (NBO) ions, indicating that the Mn2+ is relatively free from the role of 
network modifier and mainly participate into the de-S reaction in high silica region.  

However, in the relatively low silica region, viz. less than about 30% SiO2, the amount 
of Ca2+ balancing with NBO is reduced and thus free Ca2+ and Mn2+ competitively react with 
the S2- ions, resulting in the dominant contribution of Ca2+ S2- attraction which is greater 
than Mn2+ S2- attraction in terms of the stability of each sulfide determined from the Gibbs 
free energy of the formation of CaS and MnS at 1873 K [11]. This indicates that the 
contribution of Ca2+ to the stabilization of S2- ions would be larger than that of Mn2+ in the 
relatively low silica region.  

The Raman spectra of the MnO-CaO-50%SiO2 system is shown in Figure 2(a) in order 
to understand the structural change as MnO substitutes for CaO at a fixed silica content. The 
main silicate envelope is definitely resolved to Q0 (860( 5) cm-1 for SiO4-monomer) and Q2

(960( 5) cm-1 for SiO3-chain) bands in the calcium silicate binary system, while there is a 
broad asymmetric band between 800 and 1150 cm-1 at Mn/(Mn+Ca)~0.8 [5-7]. Even though 
it is not easy to find a conclusive variation of Raman spectra with one’s eye as MnO 
substitutes for CaO, a broadening of Raman band qualitatively suggests that the substitution 
of CaO by MnO made a stronger perturbation and hence a more depolymerized configuration 
of local environment of Q-species in high MnO melts at a fixed silica content.  

    
(a)                                    (b) 

Figure 2. (a) Raman spectra and (b) fraction of structural unit of MnO-CaO-50%SiO2 system.  

The relative fractions of the silicate anionic units obtained from Gaussian deconvolution 
of Raman bands shown in Figure 2(a) are also plotted against the MnO/(MnO+CaO) ratio in 
Figure 2(b). The fraction of Q2 (SiO3-chain) unit increases and that of Q3 (Si2O5-sheet) unit 
decreases with increasing MnO/(MnO+CaO) ratio [5-7]. The fractions of Q0 (SiO4-monomer) 
and Q1 (Si2O7-dimer) units slightly decrease but not significant. Therefore, the Q3/Q2 ratio, 
viz. degree of polymerization decreases by increasing the MnO/(MnO+CaO) ratio based on 
the following equation: 

  [Si2O5]2- (Q3) + (O2-) = 2[SiO3]2- (Q2)      [1] 

The network-modifying role of Ca2+ and Mn2+ in this composition range can be 
discussed as follows. From an analysis of McMillan [12], doubly-charged M2+ of large ionic 
radius, i.e. small ionization potential (=Z/r2) should preferentially occupy the more open, 
coupled Q3 ( Si-O-)2 sites, while smaller M2+ with larger ionization potential will favor the 
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higher charge concentration offered by the Q2 (=Si-2O-) sites. This is schematically expressed 
in Figure 3. Because the ionization potential of Ca2+ (Z/r2=2) is lower than that of Mn2+

(Z/r2=2.4~3.0 according to electron spin) [13], the Ca2+ is charge balanced with two open O-

ions due to its large size of [CaO6] cage, whereas the Mn2+ is balanced with two adjacent 
corner-shared O- ions due to its small size of [MnO6] cage as shown in Figure 3 [5-7].  

Figure 3. Structure modification by network-breaking role of Ca2+ and Mn2+ in silicate melts. 

Composition-Structure-Capacity relationship of the MnO-SiO2-Al2O3-Ce2O3 melt 

The effect of Ce2O3 on the sulfide capacity of the MnO-SiO2-Al2O3-Ce2O3 system 
( 2.540.85,0.28,M/S

2SiOMnO X/X ) at 1873 K is shown in Figure 4. It is very interesting 

that the influence of Ce2O3 on the sulfide capacity exhibits a different tendency according to 
the M/S ratio [14]. The sulfide capacity of the oxide melts with highly basic composition, i.e. 
M/S=2.54, decreases with increasing content of Ce2O3 to approx. 4 mol%, beyond which the 
sulfide capacity increases by increasing the Ce2O3 content. The sulfide capacity continuously 
decreases as the Ce2O3 is added to the Mn-aluminosilicate melts in the less basic system, i.e. 
M/S=0.85, whereas it is hardly affected by Ce2O3 in the relatively acidic (high silica) 
composition, i.e. M/S=0.28. 

Figure 4. Effect of Ce2O3 on sulfide capacity of MnO-SiO2-Al2O3-Ce2O3 system at 1873 K.  
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In order to thermodynamically understand these complicated phenomena, both the 
activity coefficient of MnS (or Ce2O2S) and the activity of MnO (or Ce2O3) should be 
evaluated. However, unfortunately, because none of thermodynamic data (activity of each 
component, phase equilibria, etc.) of the MnO-SiO2-Al2O3-Ce2O3 system is available in the 
literature, the Raman spectroscopic analysis for the influence of Ce2O3 on the structure of 
Mn-aluminosilicate system was employed in the present study to reveal the composition-
structure-property relationship. 

The Raman spectra of the MnO-SiO2-Al2O3-Ce2O3 systems (M/S=2.54 and 0.85) are 
shown in Figure 5 in order to understand the relationship between the structural change and 
the variation of sulfide capacity of the oxide melts. It is commonly found that the Raman 
band for the Si-O asymmetric stretching vibration between 800 and 1150 cm-1 very slightly 
shifts to the lower wavenumbers by increasing the content of Ce2O3, indicating that there is 
no considerable change in the environment of silicate units by the incorporation of Ce3+ ions 
[14].

                  (a)                                    (b) 
Figure 5. Raman scattering of MnO-SiO2-Al2O3-Ce2O3 system at different Ce2O3 contents. 

In the Raman spectra of the M/S=2.54 system shown in Figure 5(a), there is a significant 
increase in the relative intensity of the scattering band at about 600 cm-1 with increasing 
content of Ce2O3. It is considered that the increase in the relative intensity of Raman band at 
600 cm-1 is due to the [AlO6]-unit as mentioned by Okuno et al. [15], because of the strong 
attraction between Al2O3 and Ce2O3 in the present system. However, this tendency was not 
observed in the less basic melts, viz. M/S=0.85 system as shown in Figure 5(b).  

Lin et al. [16] suggested that the Ce3+ conducts a role of charge compensator or network 
modifier rather than network former because Ce3+ ion (r=1.01 ) has a radius close to that of 
Ca2+ (r=1.0 ), which is too large to be a (tetrahedrally coordinated) network former like 
[SiO4] or [AlO4] units. Wu and Pelton reported the strong affinity between Ce2O3 and Al2O3

in the Ce2O3-Al2O3 system [17]. Morita et al. [18,19] found that the addition of Ce2O3 to the 
CaO-Al2O3 system decreases the activity coefficient of Al2O3 in the melts because of the 
strong attraction between Ce2O3 and Al2O3 based on the following reaction. 

 CeO1.5 s  + AlO1.5 s  = CeO1.5·AlO1.5 s , G = -58730 J/mol   at 1873 K  [2] 

Before adding Ce2O3, the concentration of [AlO6]-unit in the less basic (M/S 0.85) 
systems are larger than that in the highly basic (M/S=2.54) system as shown in Figure 5. 
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Thus, Ce3+ ions added in the less basic melts instantly interact with large amounts of (pre-
existing) [AlO6]-units to form more stable [(Al,Ce)O6]-unit as schematically shown in Figure 
6(a). Therefore, the structure of aluminosilicate melts was not significantly disturbed by 
addition of Ce2O3, resulting in the insensitive dependency of sulfide capacity of the melts on 
the content of Ce2O3 as shown in Figure 4 [14].  

On the other hand, in the highly basic system (M/S=2.54), relatively large amounts of 
(pre-existing) [(Al,Mn0.5)O4]-units should be converted to the [(Al,Ce)O6]-unit with 
consumption of free oxygen by addition of Ce3+ ions, resulting in a decreases in sulfide 
capacity. However, the sulfide capacity increases by addition of Ce2O3 greater than about 
4mol% (Figure 4) because the excess Ce3+ and free Mn2+ cations contribute to the 
stabilization of S2- ions as schematically shown in Figure 6(b). This tendency was not 
observed in the less basic systems because the cations (Ce3+ and Mn2+) are still not free from 
a charge compensating role with large amounts of silicate anions within the present 
experimental compositions [14].  

   
             (a)                                (b) 

Figure 6. Structural changes of (a) less basic and (b) highly basic melts by Ce2O3 addition.  

Conclusions

The influence of molten oxide composition on the sulfide capacity of the aluminosilicate 
melts containing MnO and/or Ce2O3 was discussed in terms of ‘composition-structure-
property’ relationship by employing the micro-Raman spectroscopy for structure analysis.  

For the sulfide capacity of the MnO-CaO-SiO2 (-Al2O3-MgO) melts at 1873 K, because 
CaO dominantly contributes to the depolymerization of silicates than MnO does, the large 
amount of Ca2+ is electrically balanced with two NBO, indicating that the Mn2+ is relatively 
free from the role of network modifier and mainly participate into the de-S reaction in high 
silica region. However, in the relatively low silica region, the amount of Ca2+ balancing with 
NBO is reduced and thus free Ca2+ and Mn2+ competitively react with the S2- ions, resulting 
in the dominant contribution of Ca2+ S2- attraction which is greater than that of Mn2+ S2-

pair. This indicates that the contribution of Ca2+ to the stabilization of S2- ions would be larger 
than that of Mn2+ in the relatively low silica region.  

For the sulfide capacity of the MnO-SiO2-Al2O3-Ce2O3 melts at 1873 K, because the 
concentration of [AlO6]-unit in the high silica systems are larger than that in the lower silica 
system, Ce3+ ions added in the former instantly interact with large amounts of [AlO6]-units to 
form more stable [(Al,Ce)O6]-unit. Hence, the structure of aluminosilicate melts was not 
significantly disturbed by addition of Ce2O3, resulting in the insensitive dependency of 
sulfide capacity of the melts on the content of Ce2O3. However, in the lower silica region, the 
relatively large amounts of [(Al,Mn0.5)O4]-units should be converted to the [(Al,Ce)O6]-unit 
with consumption of free oxygen by addition of Ce3+ ions, resulting in a decreases in sulfide 
capacity. The sulfide capacity increases by addition of Ce2O3 greater than about 4mol% 
because the excess Ce3+ and free Mn2+ cations contribute to the stabilization of S2- ions. This 
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tendency was not observed in the high silica systems because the cations (Ce3+ and Mn2+) are 
still not free from a charge balancing role with large amounts of silicate anions.  

References 

1. K.T. Park et al., “Stacking fault energy and plastic deformation of fully austenitic high 
manganese steels,” Materials Science & Engineering A, 527 (2010), 3651-61. 

2. S.T. Kim et al., “Effects of rare earth metals addition on the resistance to pitting corrosion of 
super duplex stainless steel - Part 1,” Corrosion Science, 52 (2010), 1897-1904. 

3. S.K. Kwon, Y.M. Kong and J.H. Park, “Effect of Al deoxidation on the formation behavior of 
inclusions in Ce-added stainless steel melt” Metals & Materials International, 20 (2014), 959-66. 

4. S.K. Kwon, J.S. Park and J.H. Park, “Influence of Refractory-Steel Interfacial Reaction on the 
Formation Behavior of Inclusion in Ce-containing Stainless Steel Melt,” ISIJ International, 55 
(2015), 2589-96. 

5. G.H. Park, Y.B. Kang and J.H. Park, “Sulfide capacity of the CaO-SiO2-MnO slag at 1873 K,” 
ISIJ International, 51 (2011), 1375-82. 

6. J.H. Park and G.H. Park, “Sulfide capacity of the CaO-SiO2-MnO-Al2O3-MgO slags at 1873 K,” 
ISIJ International, 52 (2012), 764-69. 

7. J.H. Park, “Competitive Dissolution Mechanism of Sulphur in Ca-Mn-Silicate Melts: Structural 
View,” Steel Research International, 84 (2013), 664-69. 

8. J.H. Park, “Composition-structure-property relationships of CaO-MO-SiO2 (M=Mg2+, Mn2+)
systems derived from micro-Raman spectroscopy,” Journal of Non-Crystalline Solids, 358 
(2012), 3096-3102. 

9. J.H. Park, “Structure–Property Correlations of CaO-SiO2-MnO Slag derived from Raman 
Spectroscopy,” ISIJ International, 52 (2012), 1627-36. 

10. L. Pauling, The Nature of Chemical Bond and the Structure of Molecules and Crystals, 3rd ed. 
(Cornell University Press, NY, 1960), 97-102. 

11. Y.B. Kang and J.H. Park, “On the dissolution behavior of sulfur in ternary silicate slags,” 
Metallurgical & Materials Transactions B, 42B (2011), 1211-17. 

12. P. McMillan, “A Raman spectroscopic study of glasses in the system CaO-MgO-SiO2,” American
Mineralogists, 69 (1984), 645-59. 

13. R.D. Shannon, “Revised Effective Ionic Radii and Systematic Studies of Interatomie Distances in 
Halides and Chaleogenides,” Acta Crystallographica A, 32A (1976), 751-67. 

14. S.J. Jeong, T.S. Kim and J.H. Park, “Sulfide capacity and structure analysis of MnO-SiO2-Al2O3-
Ce2O3 system,” ISIJ International, 56 (2016), to be published.  

15. M. Okuno et al., “Structure of SiO2-Al2O3 glasses: Combined X-ray diffraction, IR and Raman 
studies,” Journal of Non-Crystalline Solids, 351 (2005), 1032-38. 

16. S.L. Lin, C.S. Hwang and J.F. Lee, “Structure and Properties of CeO2-Al2O3-SiO2 Glasses,” 
Japanese Journal of Applied Physics, 35 (1996), 3975-83. 

17. P. Wu and A.D. Pelton, “Coupled thermodynamic-phase diagram assessment of the rare earth 
oxide-aluminium oxide binary systems,” Journal of Alloys & Compounds, 179 (1992), 259-87. 

18. S. Ueda, K. Morita and N. Sano, “Activity of AlO1.5 for the CaO-AlO1.5-CeO1.5 System at 1773 
K,” ISIJ International, 38 (1998), 1292-96. 

19. R. Kitano, M. Ishii and K. Morita, “Phase Equilibria and Activities of AlO1.5 for the CaO-AlO1.5-
CeO1.5 System at 1823 and 1873 K,” (Paper presented at the Asia Steel International Conference, 
Tokyo, Japan, October, 2015), 40. 

721



THERMODYNAMIC PROPERTIES OF THE CaO-AlO1.5-CeO1.5 SYSTEM

Ryo Kitano, Kazuki Morita 

Department of Materials Engineering, The University of Tokyo 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 

Keywords: Rare-earth element, Calcium oxide, Aluminum oxide, Cerium oxide, Steel, 
Complex deoxidation, Phase relations, Activity 

Abstract 

Rare earth (RE) elements are expected to be effective deoxidizing agents in steelmaking because 
of their strong affinity for oxygen. Deoxidation products would be composed of the CaO-AlO1.5-
REOx system with the existence of secondary refining fluxes and/or in case of complex 
deoxidation with Ca and Al. This study focuses on Cerium (Ce), which is one of the main 
components in the misch metal alloys. The phase relations for the CaO-AlO1.5-CeO1.5 system 
have been investigated at 1823 K and 1873 K by chemical equilibration technique also by 
clarifying the existence of ternary intermediate compounds, CaO∙AlO1.5∙CeO1.5 and CaO∙3AlO1.5∙
CeO1.5. Also, by clarifying the activity of AlO1.5 of the present system, Al-Ce complex 
deoxidation behavior is discussed. 

1. Introduction

Rare earth elements have higher affinity for oxygen and sulfur, and are evaluated to be suitable 
for the complex deoxidation and desulfurization of steels with Al co-addition [1, 2]. Furthermore, 
the oxide inclusions containing such elements are known to be finely dispersed and expected to 
improve the property of steels by hardening the inclusions [3]. The behavior of such inclusions 
during the steel refining processes, however, are not well assessed, hence thermodynamic 
properties of rare earth oxide bearing systems, such as the CaO-AlO1.5-REOx system, are desired 
to be evaluated 

After the rare earth crisis in Japan in 2010, recycling and alternative materials were developed 
which made the excess supply of light rare earth metals leading to considerable falling in their 
prices. For this reason, it would be important to pioneer the way of their utilization.  Furthermore, 
utilization of misch metal is considered to be realistic due to the difficulty in extraction and/or 
separation of respective pure elements. 

In the present study, by focusing Ce as a representative light rare earth element, phase relations 
for the CaO-AlO1.5-CeO1.5 system as well as some thermodynamic consideration at steelmaking 
temperatures have been investigated. 
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2. Experimentals 
 
2.1 Consideration of Experimental Atmosphere 
 
A cerium oxide exists as either trivalent (Ce3+) or tetravalent (Ce4+) depending on the ambient 
oxygen potential. Since CeO1.5 dominantly exists at the condition of steel deoxidation, oxygen 
partial pressure of the present experiment was controlled so that the Ce3+ was stable in the oxide 
system. The oxygen partial pressure which allows coexistence of CeO1.5 and CeO2 is determined 
by Eq.1 and its Gibbs energy of reaction, �Gº1, is expressed by Eq.2 [4]. 
 

CeO1.5(s) + 1/4 O2(g) = CeO2(s)   (1) 

�Gº1= – 192,000 + 67.9T   (J/mol)     (2) 
 
The equilibrium oxygen partial pressures are obtained as 1.70 10-3 Pa and 6.55 10-3 Pa at 
1823 K and 1873 K, respectively. Accordingly, Ar gas atmosphere with graphite crucible was 
employed in the experiment for phase relation determination, while the activity measurement of 
AlO1.5 in the system was conducted in the atmosphere of CO-Ar gas with graphite crucible.    
 
2.2 Evaluation of Ternary Compounds 
 
Unknown ternary compounds newly confirmed in the present measurement were investigated by 
comparing the X-ray diffraction (XRD) data with those of similar compounds in the CaO-AlO1.5-
LaO1.5 system reported in respect to composition and crystal structure. Regarding the CaO-
AlO1.5-LaO1.5 system, two ternary compounds, CaO·AlO1.5·LaO1.5 and CaO·3AlO1.5·LaO1.5, are 
reported to exist. [5, 6] About 0.5 g of chemicals were weighed and mixed so that the 
composition might become CaO:AlO1.5:CeO1.5 = 1:1:1 and 1:3:1, and were kept at 1873 K in a 
graphite crucible in Ar atmosphere for 20 hours. Then the samples were quenched and subjected 
to XRD analysis for comparison with those of the CaO-AlO1.5-LaO1.5 system. 
 
2.3 Phase Relations for the CaO-AlO1.5-CeO1.5 System 
 
A constituent CaO was prepared by calcination of CaCO3 in air at 1273 K for 24 hours, while 
reagent grade of CeO2 was used for CeO1.5 without pretreatment assuming that reduction 
occurred during the experiment.  Other saturating compounds were prepared by sintering at 1873 
K for 20 hours after being compressed at 200 MPa for 3 min.  
 
Figure 1 shows the cross section of the experimental apparatus used in the present study. The 
furnace was equipped with MoSi2 heating elements and PID controller for the accurate 
temperature control within ±1 K. About 0.5 g of initial molten oxide samples were prepared by 
weighing and mixing each chemical to designed molten compositions, then followed by 
equilibration with 0.5 g of saturating oxide compounds in a reducing atmosphere at 1823 K or 
1873 K for 16 hours. When molten oxides are saturated with two compounds, both compounds 
were grounded to powder and mixed to be calcined after the compression. In case of CaO 
saturation, a chunk of a commercially available fused material was used due to instability of 
sintered CaO during the experiment. During the experiment, 150-200 mL/min of Ar gas (or Ar + 
CO gas) was flown onto the sample to keep the inside of the reaction tube (60 x 52 x 1000 mm) 
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to be a reducing atmosphere. After the equilibrium experiment, the sample was withdrawn from 
the furnace and the molten oxide phase was separated from the saturation solid phase and then 
subjected to chemical analysis using ICP-AES.  
 

 
Fig.1  Cross section of the experimental apparatus. 

 
2.4 Activity of AlO1.5 in the CaO-AlO1.5-CeO1.5 System at 1873 K 
 
The apparatus and reagents were the same as those for the phase equilibria experiment. In this 
experiment, 1.0 g of the oxide mixture and 1.5 g of Cu were placed in a graphite crucible and 
kept in the furnace for 25 h, which was determined by the equilibrating experiment. Ar and CO 
mixed gas (Ar:CO = 1:9, PO2 = 2.51×10-11 Pa) were introduced into the furnace with a gas lance, 
which was located more than 100 mm away from the sample. After 25 h, the Cu was removed 
and cleaned with HCl for 4 h to remove the flux, and then, 0.5 g Cu was dissolved in HNO3 and 
analyzed using ICP emission spectrometry. 
 
 

3. Results and Discussion 
 
3.1 Evaluation of Ternary Compounds 
 
In the preceding report by Ueda et al. [1], two ternary compounds were not clarified in terms of 
structure, which were confirmed in prior to the measurement of phase relations. The XRD 
patterns of the sintered samples of CaO:AlO1.5:CeO1.5 = 1:1:1 and 1:3:1 were compared with 
those of CaO·AlO1.5·LaO1.5 and CaO·3AlO1.5·LaO1.5 as shown in Fig.2. From the fact that each 
peak of the sample ((a) and (c)) corresponded to that of the LaO1.5 bearing compounds ((b) and 
(d)), both of the sintered oxides were considered to be the compounds, CaO·AlO1.5·CeO1.5 and 
CaO·3AlO1.5·CeO1.5, respectively. In Fig.2 (c), some peaks cannot be identified, which are 
considered to be those of AlO1.5·CeO1.5 shown in Fig.2 (e). Although ionic radii of Ce3+ and La3+ 
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are almost identical, each peak of both ternary compounds appears to be shifted slightly toward 
smaller angles compared with that of LaO1.5 containing compounds, indicating the compounds 
with CeO1.5 would have larger lattice constant. 
 
 

 
(a) CaO:AlO1.5:CeO1.5 = 1:1:1 

 
 

 
(b) CaO·AlO1.5·LaO1.5 [7] 

 
 

 
(c) CaO:AlO1.5:CeO1.5 = 1:3:1 

 
 

 
(d) CaO·3AlO1.5·LaO1.5  [7] 
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(e) AlO1.5·CeO1.5 

 
Fig.2   X-ray diffraction patterns of the sintered samples, (a) CaO:AlO1.5:CeO1.5 = 1:1:1, 

(c) CaO:AlO1.5:CeO1.5 = 1:3:1, (e) AlO1.5·CeO1.5, and those of calculated LaO1.5 
bearing compounds, (b) CaO·AlO1.5·LaO1.5, (d) CaO·3AlO1.5·LaO1.5. 

  
3.2 Phase Relations for the CaO-AlO1.5-CeO1.5 System 
 
Liquidus compositions for the CaO-AlO1.5-CeO1.5 system at 1823 K and 1873 K are plotted in 
Figs.3 (a) and (b), respectively, together with liquidus curves. The shape of liquid region is 
similar to that at 1773 K [1], and the area was confirmed to increase with temperature. At 1873 K, 
CaO·2AlO1.5 disappeared which was one of the solid in equilibrium with the liquid phase at 1823 
K, while CaO·4AlO1.5 existed as a saturating solid instead. Although the temperature dependence 
of CaO saturated composition was found to be small, that of other compounds, such as 
CaO·AlO1.5·CeO1.5, AlO1.5·CeO1.5, CaO·3AlO1.5·CeO1.5 and CaO·2AlO1.5 (CaO·4AlO1.5) was 
considerably large. 
 

 
 
 
 
 
 
 

(a) 1823 K 
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(b) 1873 K 
 

Fig.3  Phase relations for the CaO-AlO1.5-CeO1.5 system at (a) 1823 K and (b) 1873 K. 
 
Regarding the oxidation state of Ce, it was confirmed to exist as trivalent (Ce3+) in the molten 
oxide by the XAFS analysis of the quenched samples.  Furthermore, other compositions without 
the liquid phase were examined to verify the three phase regions (Gibbs triangles) surrounded by 
three tie lines, which were also drawn in the isothermal sections as Figs.3 (a) and (b).  
 
3.3 Activity of AlO1.5 in the CaO-AlO1.5-CeO1.5 System at 1873 K 
 
After equilibrating Cu with the CaO-AlO1.5 melt saturated with CaO under a controlled oxygen 
partial pressure (PO2 = 2.51×10-11 Pa), XAl in Cu was 2.02×10-3. The concentrations of Al in Cu 
after 25 hours and 40 hours were found to be identical. Since the activity of AlO1.5 (aAlO1.5) in the 
present oxide melt was reported to be 0.076 at 1873 K [8], activity coefficient of Al(l) in molten 
Cu (γAl in Cu°) at infinite solution was calculated to be 1.81×10-2. Since XAl in Cu did not exceed 
0.01 for any sample in the activity measurement, γAl in Cu° was used in the derivation of aAlO1.5. 
The isoactivity curves of AlO1.5 in the CaO-AlO1.5-CeO1.5 melts are drawn in Fig.4. As 
XCeO1.5/XCaO increased, aAlO1.5 was shown to decrease. The activity of CeO1.5 for the melts 
saturated with AlO1.5·CeO1.5 was calculated from Eq.4 based on the reaction of Eq.3 [4]. 

 
AlO1.5(s) + CeO1.5(s) = AlO1.5·CeO1.5(s)  (3) 
�Gº3= – 40,000 + 10 T   (J/mol)     (4) 
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Fig.4  Isoactivity curves of AlO1.5 in the CaO-AlO1.5-CeO1.5 melts at 1873 K. 
 
From Eq.4 and aAlO1.5 being 0.10, aCeO1.5 could be calculated to be 0.22 [4]. With these values 
and assuming that the interaction between Al and Ce and Ca content were negligible, the 
deoxidization equilibria between Al, Ce, and O in molten iron could be estimated with the 
reported interaction parameters [9] as shown in Fig.5 with the coexistence of ACe and CA3Ce.  
 

Fig.5  An example of Ce addition effect on Al deoxidation at 1873 K. 
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When only Al is used for the deoxidizing agent (aAlO1.5 = 1), 1800 ppm of Al must be added to 
the molten iron to make the oxygen concentration 5 ppm [10], while only 160 ppm of Al and 1.2 
ppm of Ce are needed to obtain the same oxygen concentration in case of complex deoxidation 
both by Al and Ce. This effect is also enhanced by the decrease in the activity coefficient of 
AlO1.5 with existence of CeO1.5.  
 
 

4. Conclusions 
 
The phase relations for the CaO-AlO1.5-CeO1.5 system at 1823 K and 1873 K as well as the 
existence of ternary solid compounds, CaO∙AlO1.5∙CeO1.5 and CaO∙3AlO1.5∙CeO1.5. Also, by 
clarifying the activity of AlO1.5 of the present system, Al-Ce complex deoxidation behavior was 
evaluated and it was confirmed that Ce could decrease the usage of Al for making ultra-low 
oxygen steel. 
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Abstract

Cr is an important alloying element for metal materials. Thermodynamic behaviors of Cr in 

metal and slag phase are basic knowledge for enhancing its yield ratio in pyrometallurgy process. 

In this research, laboratory experiments on distribution ratios of Cr between slag 

(CaO-SiO2-Al2O3sat-CrOx, CaO-SiO2-MgOsat-CrOx, and CaO-SiO2-Al2O3-MgOsat-CrOx) and 

Fe-C(-Si/Al)-Cr metal phase were carried out under 1500 -1600 by using gas-slag-metal 

equilibrium method. The effects of influencing factors such as slag compositions, temperature, 

and metal melt compositions were examined. The results suggested that the distribution ratio of 

chromium between slag and metal phase increased with increasing the carbon and silicon 

contents in metal phase; Aluminum can reduce some silicon oxides into silicon in metal melt, 

which further promote the reduction of chromium oxides into metal phase. And the basicity, 

along with Al2O3content in slag also gave important influence on LCr.

Introduction

Cr is an important alloying element for high quality steel materials. A nearly equilibrium

state between Cr-bearing slag and metal phases is involved in many pyrometallurgy processes 

such as production of ferrochromium alloys and that of stainless steel. Therefore, thermodynamic 

behaviors of Cr in metal and slag phases are great important basic knowledge for enhancing its 

yield ratio in such processes. Much previous research concerning the reduction of pure Cr2O3or 

Cr2O3in a complicated system by using carbon,
[1,2]ferrosilicon,[3]aluminum,[3,4]an Fe-C melt,[5]

or an Fe-C-Si[6]melt has been carried out. Most of these studies focused on the reduction

mechanism of Cr2O3and have kinetically promoted the yield of Cr. Thermodynamically, the 

yield ratio of Cr tends to be determined by the distribution ratio of Cr between the acquired metal 

melt and the residual slag. That strongly depends on the thermodynamic behaviors of Cr in metal 

melt and that of CrOxin residual slag. Previous research has been conducted on the activity 

information of Cr in iron[7]or a typical stainless steel melt such as AISI 304[8]. The interaction
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parameters of Cr with other elements such as , , ,Si Al Cr Cr
Cr Cr C Nie e e e according to Wagner’s formalism 

have been studied. Pretorius et al.[9], Xiao[10], Teng et al.[11], and Wang [12] have studied the 

thermodynamic behaviors of chromium oxides in slag systems including their oxides state and 

activity information. However, all of the above research gives little information about the 

distribution of Cr between metal melt and slag phases. 

In this research, laboratory experiments on distribution ratios of Cr between slag 

(CaO-SiO2-Al2O3sat-CrOx, CaO-SiO2-MgOsat-CrOx, and CaO-SiO2-Al2O3-MgOsat-CrOx) and 

Fe-C(-Si/Al)-Cr metal phase were carried out under 1500 -1600  by using gas-slag-metal 

equilibrium method. The effects of influencing factors such as slag compositions, temperature, 

and metal compositions were examined. The results gave useful information on promoting 

reduction of chromium from slag into metal melt. 

1. Experimental   

1.1 Materials 

Chemical reagents such as CaO, SiO2, MgO, Al2O3 and Cr2O3 were used to make molten slag, 

and iron powder, graphite, ferrosilicon, and Al powder were applied to form metal melt. The 

purity of the raw materials are analytical reagent(AR). Argon gas with purity of 99.999% was 

used as the inert atmosphere. CaO powders was heated at 1273K for 6 hours to decompose the 

hydroxides and carbonates that might have been formed. SiO2, MgO, Al2O3 and Cr2O3 powders 

were dried at 433 K for 6 hours in order to remove the moisture. Fine powders of the oxides were 

weighed carefully and mixed together to obtain the target slag composition (total mass of each 

mixture was 8 g). The iron graphite, Si and Al powders were mixed to obtain the target metal 

composition(total mass of each mixture was 10 g). The two compositions were ground 

thoroughly in porcelain mortar, and then cylindrical compacts (diameter = 10 mm) were 

pressured under pressure of 20 MPa for 2 min and put into the experimental crucible (ID=25 mm 

and height=33 mm). When using alumina crucible or magnesia crucible, the corresponding slag 

is the alumina saturated slag or magnesia saturated slag. The experimental schedules are shown 

in Table 1 and Table 2. Only the number of B1-B5 used the alumina crucible, and the rest are 

magnesia crucible.   
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Table 1 Experimental schedule 1 

No 
Composition of metal (%) 

Composition of slag(%)   
%CaO/ 

%SiO2 

Reaction 

timehour Fe C Si Al 

A1 97 3   CaO-SiO2-MgO-3%Cr2O3 1.1 3 

A2 97 3   CaO-SiO2-MgO-3%Cr2O3 1.1 6 

A3 97 3   CaO-SiO2-MgO-3%Cr2O3 1.1 8 

A4 97 3   CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A5 97 3   CaO-SiO2-MgO-3%Cr2O3 1.1 15 

A6 100    CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A7 99 1   CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A8 98 2   CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A9 96 3 1  CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A10 95 3 2  CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A11 94 3 3  CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A12 96 3  1 CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A13 95 3  2 CaO-SiO2-MgO-3%Cr2O3 1.1 10 

A14 94 3  3 CaO-SiO2-MgO-3%Cr2O3 1.1 10 

Table 1 Experimental schedule 2 

No 
Composition of metal (%) 

Composition of slag   
%CaO/ 

%SiO2 Fe C 

B1 97 3 CaO-SiO2-Al2O3-3%Cr2O3 0.8 

B2 97 3 CaO-SiO2-Al2O3-3%Cr2O3 1 

B3 97 3 CaO-SiO2-Al2O3-3%Cr2O3 1.1 

B4 97 3 CaO-SiO2-Al2O3-3%Cr2O3 1.2 

B5 97 3 CaO-SiO2-Al2O3-3%Cr2O3 1.3 

B6 97 3 CaO-SiO2-MgO-3%Cr2O3 0.8 

B7 97 3 CaO-SiO2-MgO-3%Cr2O3 1 

B8 97 3 CaO-SiO2-MgO-3%Cr2O3 1.1 

B9 97 3 CaO-SiO2-MgO-3%Cr2O3 1.2 

B10 97 3 CaO-SiO2-MgO-3%Cr2O3 1.3 

B11 97 3 CaO-SiO2-10%Al2O3-MgO-3%Cr2O3 0.8 

B12 97 3 CaO-SiO2-10%Al2O3-MgO-3%Cr2O3 1 

B13 97 3 CaO-SiO2-10%Al2O3-MgO-3%Cr2O3 1.1 

B14 97 3 CaO-SiO2-10%Al2O3-MgO-3%Cr2O3 1.2 

B15 97 3 CaO-SiO2-10%Al2O3-MgO-3%Cr2O3 1.3 

B16 97 3 CaO-SiO2-6%Al2O3-MgO-3%Cr2O3 1.1 

B17 97 3 CaO-SiO2-8%Al2O3-MgO-3%Cr2O3 1.1 

B18 97 3 CaO-SiO2-12%Al2O3-MgO-3%Cr2O3 1.1 

B19 97 3 CaO-SiO2-14%Al2O3-MgO-3%Cr2O3 1.1 
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1.2 Apparatus and procedure 

 
Figure 1. Schematic illustration of the experimental apparatus 

Figure 1 shows the schematic arrangement of the furnace. The experiment system includes a 
high temperature furnace and a gas cleaning plant. The furnace was equipped with MoSi2 heating 
elements and controlled by a PID controller with a Pt-30%Rh/Pt-6%Rh thermocouple as the 
sensor, which was calibrated before using. The ends of the reaction tube were kept at 193 K by a 
water-cooling system where filled with circulating water. In view of the extremely high inert 
atmosphere involved in the equilibration, it was necessary to purify the gases before introducing 
into the reaction tube. A gas cleaning system was used in the present experiment. Columns of 
molecular sieve and silica gel were used to remove the H2O in the gas. The residual O2 in the 
argon gas was removed by passing it through copper turnings and magnesium chips both at 773 
K. The experimental crucibles containing the samples were positioned inside an alumina holder.  

In a typical experiment, argon gas was passed through the furnace tube at a high rate to 
drive out the air before heating. When the target temperature was reached, the alumina holder 
was pushed into the furnace and placed in the even-temperature zone under argon gas at a flow 
rate of 200 ml·min-1 and keep it stable during the experiment. After the equilibration time, the 
alumina holder with the experimental crucibles was quickly pulled by the molybdenum wire to 
the cooling zone under production of argon gas and the samples were quenched. Samples were 
then taken out from experimental crucibles and weighted.  

1.3 Analysis  

The chemical composition of the metal was analyzed by chemical analysis(C: GB/T 
20133-2006; Cr: NACIS/C H 008:2013; Si: NACIS/C H 013:2013) and that slag was ground and 
analyzed by X- ray fluorescence spectrometer. 

The metallization ratio (ηCr) and distribution ratio (LCr) between metal and slag of 
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chromium is given by (1) and (2), respectively. 
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	                                   (2) 

where m is the mass of the metal and m0 is the mass of the total chromium; φCr and [%Cr] is the 
mass fraction of Cr in the metal; (%Cr) is the mass fraction of Cr in the slag.  

2. Results and Discussion 

2.1 Equilibrium time 

Before the actual measurements were started, it was necessary to determine the soaking 
duration in order to ensure the attainment of the equilibrium between the metal phase and slag 
phase. The relationship between content of Cr in the metal phase and slag phase as function of 
soaking time, obtained in these trials, is plotted in Figure 2. When the soaking time is more than 
3 hours, the content of Cr in the metal can be seen in the figure to be constant. In the present 
work, an equilibration time of 10 hours was chosen for all the experiments.  

 
Figure 2. Effect of time on Cr content in the metal ( ) and that in slag ( )  

2.2 Relationship between metallization ratio (ηCr) and distribution ratio (LCr) 

The metallization ratio of chromium indicates the mass proportion of chromium in metal 
melt phase. The distribution ratio of chromium is the ratio of chromium content in the metal 
phase to that in slag phase. There is a deep connection between them. The following relationship 
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(6) about ηCr and LCr can be obtained by comparing the equations (3-5). Figure 3 shows the 
metallization rate of Cr(ηCr) as functions of distribution ratio(LCr). It can be seen in this figure 
that ηCr and LCr have obvious function relationship, which is consistent well with the results of 
our formula. This result proves the reliability of the experimental data. The metallization ratio 
increases with the increase of the distribution ratio. When the distribution ratio becomes large 
enough, the metallization rate is much closer to 1, which suggested that almost all of chromium 
element have been reduced into metal phase.  
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Figure 3. The metallization rate of Cr as functions of distribution ratio  

Temperature is one of the key parameters that influence the distribution ratio of chromium 
between metal and slag. Figure 4 shows the effect of temperature on LCr in 
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CaO-SiO2-MgO-CrOx and CaO-SiO2-MgO-Al2O3-CrOx slag. The distribution ratio LCr increase 

slightly with increasing temperature. The Cr-containing slag belongs to high melting slag, the 

higher the temperature is, the better is the fluidity of slag, high temperature is conducive to the 

reduction and migration of chromium. The reduction reaction of chromium is endothermic 

reaction, so increasing the temperature will increase the distribution ratio of chromium between 

metal and slag. The experimental results show that the distribution ratio of 

CaO-SiO2-MgO-CrOx slag is greatly influenced by temperature, there is no obvious metal phase 

and slag phase formation at 1450  and the slag can’t be melted. It is found that the distribution 

ratio of two slag system is close with increasing temperature, which shows that the effect of 

composition of slag on the distribution of chromium decreases with the increase of temperature. 

 

Figure 4. Effect of temperature on LCr 

 

Figure 5. Effect of carbon content in the metal on LCr 

2.3 Effect of metal components on LCr 
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2.3.1 Effect of carbon content in the metal on LCr 
Figure 5 shows effect of the final carbon content in the metal on LCr. It is seen that there is 

an increasing tendency for LCr with increasing carbon content in metal. With the initial metal 
composition changing, the carbon content in the metal phase equilibrium is different. The impact 
of carbon content in the metal is mainly divided into two aspects: (1) the chromium oxide in the 
slag was reduced to metal chromium by carbon, and the reducing atmosphere of the system is 
ensured; (2) carbon can reduce the activity of chromium in metal. Ohtani[13] indicated that the 
activity coefficient of chromium in the metal decreases with increasing carbon content of metal. 
The lower activity of chromium in metal is, more difficult is the chromium to be oxidized to the 
slag phase. The distribution ratio of chromium between metal and slag can be increased by 
enhancing the carbon content in the metal and the trend is consistent with the results of Pan[14], 
the chromium content in slag decrease with increasing carbon content in metal. The higher 
chromium content in the metal phase, the effect is more significant.  

2.3.2 Effect of silicon content in the metal on LCr 
In order to examine the silicon content in metal phase on distribution ratio of Cr between 

slag and metal phase, during experiments some ferrosilicon powder was added into the initial 

Fe-3%C melts. After experiments, the effects of initial silicon content ( )  in metal phase on 

the carbon content ( ) in final metal phase and that of silicon content ( ) in final metal 

phase on LCr (b) are shown in Figure 6(a) and (b), respectively. As evident in the figure, the final 
contents of carbon  and silicon increase as the initial silicon contentin the metal increased from 
0 to 3. As a strong reducing agent, a part of silicon replaced some carbon reacting with chrome 
oxide to form SiO2. Figure 6(b) shows the distribution ratio LCr increases slightly with increasing 
silica content of metal and the trend is consistent well with the results of Nakasuga[15]. 

 

Figure 6. Effects of initial silicon content in metal phase on the carbon content of ending metal 
phase (a) and that of silicon content in final metal phase on LCr (b) 
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Figure. 7 Effects of initial aluminum content in metal phase on the carbon and silicon contents in 
final metal phase (a) and that on LCr (b) 

2.3.3 Effect of initial aluminum content in the metal on LCr 
Similarly, in order to examine the alumium content in metal phase on distribution ratio of Cr 

between slag and metal phase, some Al powder was added into the initial Fe-3%C melts during 

experiments. After experiments, the effect of initial aluminum content ( )  in metal phase on 

the carbon and silicon contents in final metal phase and that on LCr (b) are shown in Figure 7(a) 
and (b), respectively. However, after analysis of the final products, there is no detection of 
aluminum elements in the final metal, while Al2O3 was observed in the final slag. This suggested 
that the aluminum in the present melt can’t be stable, and nearly all the aluminum is gradually 
oxidized to form Al2O3 and transferred to the slag phase. It can be seen in Figure 7(a) that the 
final contents of carbon and silicon increase as the initial aluminum content in the metal is 
increased from 0 to 3. It indicates that SiO2 in the slag can be reduced to silicon and entered to 
the metal phase by aluminum. The results of Nakasuga[15] obtained the same conclusion. We 
know that the presence of carbon and silicon in the metal contribute to improve the distribution 
ratio of chromium between metal and slag from previous section. In the Figure 7(b), the Al2O3 
content in the slag increase slightly with increasing initial aluminum content in the metal. The 
formation of Al2O3 changed CaO-SiO2-MgO-CrOx slag to CaO-SiO2-MgO-Al2O3-CrOx slag, 
reduced the slag melting point and improved the fluidity of slag and is benefit to chromium 
element transferred to the metal phase from slag phase.  

Through Figure 7 we can see that when the initial content of Al and Si in the metal is same, 
the two elements can greatly improve the equilibrium distribution ratio of chromium. Under the 
same initial content, when the initial content is low, the impact of the two elements is similar, 
with the increase of the initial content, the effect of Al on LCr is more obvious. From the last 
section, we know that aluminum in metal could’t stablely exist under the condition of present 
experiment and reduced a slight amount of SiO2 to Si, the product, Si, is with strong reducibility, 
which can further reduce chrome oxide into metal melt. The equilibrium carbon content in metal 
when adding Al is higher than when adding Si in (Figure 8), which is conductive to improve LCr. 
When the initial slag doesn’t contain Al2O3, the generation of Al2O3 can decrease the melting 
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point of the slag and improve the liquidity of slag. The promotion of distribution ratio by Al is 
greater than Si in CaO-SiO2-MgO-CrOx slag.  

 

Figure 8. Effect of initial Si( 0
[ ]Siw ) and Al( 0

[ ]Alw ) content on LCr 

2.4 Effect of slag components on LCr 

2.4.1 Effect of slag basicity(%CaO/%SiO2) on LCr 

 
Figure 9. Effect of slag basicity on LCr 

Slag basicity has a strong influence on the distribution behavior of chromium between metal 
and slag. Figure 9 shows the equilibrium distribution ratio of chromium in 
CaO-SiO2-Al2O3-CrOx slag, CaO-SiO2-MgO-CrOx slag and CaO-SiO2-MgO-10%Al2O3-CrOx 
slag as a function of slag basicity. It is seen that LCr increase with increasing basicity of three 
slags. The result are in agreement with reported by Henao[16]. They added CaO to 
FeOx-MgO-SiO2 slag and found that the chromium oxide content in the slag decreases with 
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increasing CaO content. The distribution ratio changed little with the increase of %CaO/%SiO2 
in . CaO-SiO2-Al2O3-CrOx slag. Because of high content in slag and amphoteric oxide of Al2O3, 
the influence of %CaO/%SiO2 on the distribution behavior of chromium in 
CaO-SiO2-Al2O3-CrOx slag is small. It can be seen that the distribution ratio of Cr in 
CaO-SiO2-Al2O3 slag is relatively small under the same basicity range in Figure 9. Compared 
with other slag systems, the effect of basicity on LCr in CaO-SiO2-MgO-10%Al2O3-CrOx slag 
system is greater. 

2.4.2 Effect of Al2O3 content in slag on LCr 
Figure 10 shows the effect of Al2O3 content in CaO-SiO2-MgO-Al2O3-CrOx slag on 

distribution ratio of chromium between metal and slag. It seems that the Al2O3 content serves a 
dual influence: to increase LCr with lower Al2O3 content while with higher Al2O3 content may 
decrease LCr. The liquidity of the slag is significantly improved while the slag melting point is 
low since the Al2O3 content in the slag is low. Nakasuga[15] found that Al2O3 in the slag can make 
the liquid phase in the slag earlier generate and improve the reduction rate of chromium oxide. 
The increase of Al2O3 content will increase the viscosity of the slag, which is not conducive to 
the reduction of chromium oxide and separation liquid metal from slag. By adding Al2O3 to slag , 
Henao[16] found that the chromium content in the slag increased obviously with the increase of 
the Al2O3 content and the distribution ratio of chromium was reduced when the content of Al2O3 
was more than 10%. 

 

Figure 10 Effect of Al2O3 content in slag on LCr 

Conclusions 

Based on the above research, the results could be concluded as the follows. 
(1) The distribution ratio of chromium between CaO-SiO2-Al2O3 (-MgO) slag and Fe-C-Cr 

(-Si/Al) metal phase increased with increasing the carbon and silicon content in metal phase. 
Under this experiment situations, aluminum can’t be stable in metal phase, while it can reduce 
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some silicon oxides into silicon in metal melt, which further promote the reduction of chromium 
oxides into metal phase.. 

(2) The distribution ratio LCr increased with increasing basicity of slag in the three kinds of 
slags involved in this research. Al2O3 content in slag also gave important influence on LCr, and 
two high Al2O3 tends to decrease the distribution ratio LCr. 
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Abstract

Ni-base alloys have been used for steam turbine in power plant that operates at temperatures
higher than 873 K due to their high strength and superior heat resistance. Commercially, 
nickel alloys are generally produced by ESR (Electro-Slag Remelting) process with high 
cleanliness. During the ESR process, however, several alloying elements such as Ti and Al 
react with molten slag (2Ti+Al2O3=2Al+Ti2O3), resulting in a different composition between 
electrode and solidified ingot. Therefore, in the present study, we investigated the equilibrium 
between CaO-Al2O3-CaF2-TiOx type ESR slag and Ni-Ti-Al(-C) alloys at 1773 K to 
minimize the change in the alloy composition during ESR process.

Introduction

Ni-base superalloys are widely used in power plants that operate at temperatures higher 
than 873 K with the properties of superior resistance to corrosion.[1] Thus, the Electro-Slag
Remelting (ESR) is employed as a secondary refining process for the production of ultra-
clean Ni alloys.[1] However, the easily oxidative elements in an electrode such as Al and Ti
react with {O2} in air as well as with molten slag during ESR process, resulting in a 
difference in the composition between electrode and solidified ingot.  

Many researchers reported that the contents of [Al] and [Ti] in the solidified ingot are 
strongly dependent on the slag composition, which means that a reaction between molten slag 
and alloy droplets should be thoroughly considered for maintaining the composition of 
electrode.[2-6] Consequently, the objective of the present study is to provide an appropriate
information in regard of slag design for producing Ni-Al-Ti(-C) alloys during ESR process. 

Experimental procedure

Thermochemical equilibrium experiments were carried out using a super kanthal electric 
furnace with a MoSi2 heating element. A schematic diagram of the experimental apparatus is 
shown in Figure 1. The Ni-Al-Ti(-C) alloy and the CaO-Al2O3-CaF2-TiOx slag were loaded in 
a graphite crucible placed in a graphite holder for 8 hours at 1773 K. The oxygen partial 
pressure was fixed to 1�10-16 atm. The Al and Ti contents in the alloy samples were analyzed
by ICP and the equilibrium composition of the slag was analyzed with an XRF analysis.

Results and Discussion

Titanium is known to be present in the form of Ti4+, Ti3+, and Ti2+ in molten slag
according to oxygen partial pressure of the system at a given slag composition.[7,8] To
confirm the stable ionic species of titanium under the present metal-slag equilibrium 
experiments, the quenched slag samples were analyzed by XPS. The representative result of 
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the XPS analysis is shown in Figure 2, wherein each titanium oxide is given at the binding 
energy of each species.[8] From the result shown in Figure 2, it is confirmed that titanium is 
mainly stable as Ti3+ (Ti2O3) in molten slag under the present experimental conditions.  
 

 
Figure 1. Schematic diagram of the experimental apparatus. 

  

 
Figure 2. X-ray Photoelectron Spectroscopy (XPS) spectra of the quenched slag. 

 
Slag-metal equilibrium reaction can be described by Eq. [1], and the equilibrium 

constant (K) of Eq. [1] is expressed by Eq. [2].[9] 
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1773 K. The activity ratio of Ti and Al in metal phase was calculated by FactSageTM7.0,[10] 
from which the slag activity ratio at a given slag composition can be deduced using Eq. [2]. 
Consequently, the relationship between the activity and composition ratio of Ti2O3 and Al2O3 
in molten slag in equilibrium with Ni-Al-Ti-Csat alloys can be represented by a linear function 
as shown in Figure 3.  

 

      
Figure 3. Composition-Activity relationship of Ti2O3 and Al2O3 in molten slag at 1773 K. 

 
Therefore, it is expected that Ni alloys with various [Al]/[Ti] ratios (=0.3 to 2.0) can be 

produced without the changes in the composition during the ESR process by designing the 
slag system based on the linear function given in Figure 3. That is, the initial content of Al2O3 
and Ti2O3 in the ESR slag can be deduced from the present results. 

The influence of temperature on the activity-composition relationship of Ti2O3 and 
Al2O3 in the slag in equilibrium with the Ni-Al-Ti-Csat alloys is shown in Figure 4. The 
exchange reaction given in Eq. [1] is exothermic, indicating that the reaction proceeds 
backward, viz. the oxidation of Ti is more predominantly occurred than that of Al as 
temperature increases. The measured results are in good accordance to the thermodynamic 
considerations. Hence, the temperature-composition-activity relationship measured in the 
present study can be a good guidance for producing Ni-Al-Ti-Csat alloys via ESR process. 
 

 
Figure 4. The activity-composition relationship at different temperature. 
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Conclusions 
 

The equilibrium reaction between Ni-base alloys and CaO-Al2O3-CaF2-TiOx slag was 
investigated at temperatures ranging from 1773 to 1873 K, and oxygen partial pressure 
p(O2)=

16101 �� atm to optimize slag composition to prevent the composition changes in the 
easily oxidative elements such as [Al] and [Ti] in the alloy during the ESR process. It is 
expected that Ni-base alloys with various [Ti]/[Al] ratios in the electrode can be produced by 
maintaining the original composition during ESR process. A temperature dependency of the 
activity-composition relationship of the Ni-base alloys and the CaO-Al2O3-CaF2-TiOx slag 
was also investigated.  
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Abstract 

It is commonly believed that the deoxidation of titanium (Ti), or the direct removal of oxygen 
(O) dissolved in metallic Ti, is practically impossible when magnesium (Mg) is used as the 
deoxidizing agent. In recent years, it has been experimentally demonstrated that O dissolved in 
Ti can be directly removed using MgCl2 molten salt electrolysis. By the electrochemical 
deoxidation technique, Ti wires containing 0.12 mass% O were deoxidized to less than 0.02 
mass% O. In some cases, the concentration of O in the Ti wires was reduced to the level of 0.01 
mass% O, which cannot be attained using the current Kroll process. The possible application of 
this deoxidation technique to practical industrial recycling processes is also discussed. 

Introduction 

The recycling of Ti and its alloys has become an important issue in recent years [1, 2] as the 
demand for Ti and its alloys in the aerospace industry is increasing, and large amounts of Ti 
scrap are generated from the fabrication of Ti and Ti alloy products. Figure 1 shows a 
representative situation of the generation of Ti scrap in the aerospace industry [3]. The volume of 
scrap generated is far greater than that of fabricated Ti products. Some of the scrap is heavily 
contaminated with O, which is a major impurity in Ti and its alloys. 

Figure 1. Representative situation of scrap generation of Ti alloys from the aerospace industry. 
The volume of scrap generated is far greater than that of fabricated Ti products [3].  
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Commercial Ti and Ti alloys contain approximately 0.1 mass% O (1000 mass ppm) as a major 
impurity. Contamination of the product by O must be avoided, as the presence of O deteriorates 
the mechanical properties of metals. Table I shows the ASTM grades and acceptable impurity 
concentrations in Ti and Ti-V-Al alloy [4]. In manufacturing commercially pure Ti of ASTM 
Grade 1, low-O Ti feed such as high-purity Ti sponge (0.03–0.1 mass% O) produced by the 
Kroll process [5] is used. Using large amounts of scrap metal to produce low-O Ti is hindered by 
the high O level in Ti scrap, which typically exceeds 0.1 mass%. Ti and its alloys containing 
more than 0.4 mass% O cannot be recycled into Ti alloys, and these metals are mainly used in 
cascade recycling as additive elements for materials such as steel and Al [3]. 
 

Table I. Grades and impurity concentrations of pure Ti and Ti alloy [4]. 
 Specification Concentration of element i, Ci (mass%) 
  C H O N Fe Al V 
Pure Ti ASTM Gr. 1 0.08 0.015 0.18 0.03 0.2   

ASTM Gr. 2 0.08 0.015 0.25 0.03 0.3  
ASTM Gr. 3 0.08 0.015 0.35 0.05 0.3  
ASTM Gr. 4 0.08 0.015 0.40 0.05 0.5  

Ti-Al-V 
alloy 

ASTM Gr. 5 0.08 0.015 0.20 0.05 0.40 5.5–
6.75 

3.5–
4.5 

ASTM Gr. 23 0.08 0.0125 0.13 0.03 0.25 5.5–
6.5 

3.5–
4.5 

 
Removal of O directly from Ti and Ti alloys, and reducing the level of O to below 0.1 mass% 
(1000 mass ppm), are quite difficult because O dissolves in Ti to form an interstitial solid 
solution, and Ti has an extremely strong affinity for O [6, 7].  
 
Table II lists some effective methods for the direct removal of O from Ti [8–29]. As listed in 
Table II, the deoxidation of solid Ti by reaction with chemically active calcium (Ca) in the 
temperature range of 1273 to 1473 K has been examined. Okabe et al. successfully produced Ti 
containing less than 50 mass ppm O with a high residual resistivity ratio (RRR > 120) by using 
Ca and CaCl2 as deoxidant and flux, respectively [20, 21]. Ca metal is thought to be the most 
effective deoxidation agent because it has an extremely strong affinity for O and very low 
solubility in solid Ti. In the Ca-halide flux deoxidation process shown in Table II, the CaCl2 flux 
contains the deoxidation agent Ca and facilitates the reaction by diluting the reaction product 
CaO, thus decreasing the activity of the by-product. However, the purity of flux and the initial O 
content of the Ti are subject to limits, as the ultimate limit of deoxidation depends on the 
amounts of both O present as an impurity in the CaCl2 flux and CaO produced during 
deoxidation. 
 
An effective technique for preparing O-free Ti by electrochemical deoxidation using CaCl2 
molten salt was developed in 1993 [23]. Removal of O2  (present as CaO in the flux) and 
production of Ca deoxidant by using electrochemical techniques improves the deoxidation limit 
of the Ca-halide flux deoxidation process. Under certain conditions, Ti containing less than 0.001 
mass% (10 mass ppm) O has been successfully produced by the electrochemical deoxidation 
technique. 
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Table II. Examples of deoxidation process for Ti or its alloys [8–28].  
For more detailed information, see recent reference [29]. 

Method Reference Merit (deoxidation limit) Demerit 

Deoxidation  
by M/MOx eq. 
(e.g., DOSS 
process, M = Ca) 

Ono and Miyazaki [8]
Fisher [9–12] 
Okabe et al. [13–16] 
Oh et al. [17, 18] 

Roh et al. [19] 

 

Ti powder can be 
deoxidized. 
Ca deoxidant ( 500 ppm O)

Low capability of 
deoxidation 

Calcium  
halide flux 
deoxidation 

Okabe et al. [20–22]
 

High capability of 
deoxidation 
( 50 ppm O) 

Not suitable for 
removing large 
amounts of O; 
leaching of 
molten salt bath 
is needed 

Electrochemical 
deoxidation 
 
 

Okabe et al. [23, 24]
Nakamura et al. [25] 

Hirota et al. [26] 

Chen et al. [27] 

Taninouchi et al. [28] 

Ultrahigh capability of 
deoxidation 
CaCl2 bath (<10 ppm O) 
MgCl2 bath (<100 ppm O) 

Long processing 
time 

 
 
In addition to the deoxidation processes listed in Table II, various methods were investigated in 
the past. For example, Hashimoto et al. proposed a method for the deoxidation of Ti during 
electrowinning by using molten fluoride baths [30–32], but contamination of Ti by O or carbon 
(C) is unavoidable when using this method. In 2001, Chen et al. developed a novel process, 
called the FFC process, for producing Ti directly from TiO2 immersed in CaCl2 molten salt by 
using electrochemical methods [33–35]. They succeeded in obtaining low-O Ti by using this 
process. Ono and Suzuki developed a new Ti reduction process that utilizes electrochemically 
produced Ca reductant in CaCl2 molten salt [36–38]. To obtain low-O Ti, a highly reducing 
atmosphere is required. For this reason, molten CaCl2 with high metallic Ca activity is employed 
as the reaction medium in many cases. Other recent developments in deoxidation techniques for 
Ti and its alloys are reviewed in a recent article [29]. 
 
In the past, deoxidation of Ti by using magnesium (Mg) as the deoxidizing agent had been 
believed to be almost impossible. This is because the deoxidation limit of a Ti-O solid solution 
by Mg under MgO saturation is approximately 2.5 mass% (25000 mass ppm) at 1273 K. 
Considering this high O level under Mg/MgO equilibrium, lowering the deoxidation limit to a 
level of 100 mass ppm is believed to be difficult from a practical perspective. 
 
However, if deoxidation of Ti by using a MgCl2 medium becomes feasible, the reduction and 
electrolysis facilities of the conventional Kroll process [5] could be utilized. Therefore, 
developing an effective deoxidation process for Ti and its alloys by using molten MgCl2 may 
significantly enhance the recovery rate for Ti scrap and the production of low-O Ti. 
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Principle 
 
Because the principle of electrochemical deoxidation of Ti has been reported in detail previously 
[7, 23, 29], the deoxidation process is only briefly outlined here. By the following overall 
reaction, a solid Ti-O solution is deoxidized by Mg:  
 

O (in Ti) + Mg (in flux) = MgO (in flux)      (1) 
 
The equilibrium concentration of O in Ti depends thermodynamically on temperature T based on 
the following equation: 
 

[mass% O] = (aMgO / aMg)(1 / fO) exp( G°(1)/ RT )        (2) 
 
where G°(1) is the standard Gibbs energy change associated with the deoxidation reaction 
described by Equation (1); aMgO and aMg are the activities of MgO and Mg, respectively; and fO is 
the activity coefficient of O in solid Ti. The equilibrium concentration of O under an Mg/MgO 
equilibrium is approximately 2.5 mass% at 1273 K [7, 13, 39]. This shows that it is 
thermodynamically difficult to directly reduce the level of O in Ti to below 1 mass% by using 
Mg deoxidant when the activity of MgO (aMgO) is high. In contrast to the Mg system, the 
equilibrium concentration of O in Ti under Ca/CaO equilibrium at 1273 K is approximately 0.05 
mass% [7, 13, 29]. 
 
The electrochemical deoxidation process using molten MgCl2 as flux examined in this study is 
expressed by the following reactions. A schematic of the electrochemical deoxidation of Ti in 
molten MgCl2 is shown in Figure 2. 
 

O (in Ti) + Mg (in flux) = Mg2+ (in flux) + O2  (in flux)   (3) 
Mg2+ (in flux) + 2e    = Mg    (on Ti cathode: in flux)  (4) 

    or 
O (in Ti)  + 2e    = O2     (in flux)     (5) 

 
O2  (in flux)  + C (C anode)  = CO (gas) + 2e      (6) 

 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic illustration of electrochemical deoxidation in MgCl2 molten salt. 
Electrolysis is achieved using Ti as the cathode and C as the anode. A detailed explanation of the 
electrochemical deoxidation is given in the references [7, 23, 28, 29]. 
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On the basis of the thermodynamic calculation [7, 13, 39], when aMgO is decreased to the level of 
10-2 in the presence of metallic Mg at 1200 K, the chemical potential of O2 (pO2) in the system is 
decreased to approximately 10-45 atm, and Ti containing approximately 0.018 mass% (180 mass 
ppm) O can be obtained [29]. In other words, when Ti is deoxidized to commercial O levels for 
high-grade Ti (0.05 mass% O, or 500 mass ppm) by using Mg as a reductant, aMgO at 1200 K 
must be decreased to approximately 0.025. 
 

Experimental procedure 
 
Figure 3 shows the schematic illustration of a typical experimental apparatus [28, 29]. Detailed 
information of the experimental apparatus used for the electrochemical deoxidation of Ti in 
MgCl2 is provided in the references [28, 29]; only an outline is provided here. Ti samples in the 
form of small pieces and wires with different O concentrations and configurations were used as 
the starting material. The flux was reagent-grade anhydrous MgCl2 (>97.0%) in flake form, dried 
at 523 K for more than 43 ks (12 h). 
 
The dehydrated MgCl2 flux (approximately 1000 g) was contained in a Ti or mild steel crucible 
(~200 mm in height, 89 mm I.D.) and set in a gas-tight stainless steel chamber. The Ti cathode 
consisted of several strands of Ti wire (~40 mm in length and 1.0 mm in diameter) or Ti rod (~35 
mm in length and 3.0 mm in diameter). This cathode and a high-purity graphite anode (99.9%, 
~35 mm in length, and 3 or 6 mm in diameter) was prepared and inserted into the chamber 
through the gas-tight chamber head. 
 
Deoxidation experiments were performed by applying voltages between 0 and 3.1 V between the 
electrodes, which were separated by a distance of ~30 mm. In most cases, the deoxidation of the 
Ti cathode was carried out by applying voltages exceeding 2.6 V at 1173 K for longer than 54 ks 
(15 h). The electrochemical properties of the molten salt were measured by cyclic voltammetry 
(CV) before and after the deoxidation experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Typical experimental apparatus for electrochemical deoxidation [28, 29]. 
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After the deoxidation experiment, the electrodes were removed from the molten MgCl2, and the 
cell was cooled in a stream of Ar gas. In some cases, only the Ti cathode was pulled out from the 
molten salt and replaced after cooling for the next experimental run. The salt that adhered to the 
surface of the Ti electrode was removed by leaching. The concentrations of O and nitrogen (N) 
in the Ti samples were analyzed by the inert gas fusion technique. 

 
Results and Discussion 

 
By applying a voltage of around 3 V between the electrodes, the chemical potential of metallic 
Mg (aMg) in MgCl2 on the surface of the Ti cathode was increased to a value approaching 1, and 
the Ti samples were deoxidized by the electrochemically produced Mg. The resulting O species, 
present mainly as O2- dissolved in the molten MgCl2, reacted at the C anode to form CO (or CO2) 
gas, which was removed from the molten salt system.  
 
After electrochemical deoxidation at 1173 K for 86 ks, Ti wires 1.0 mm in diameter and 
containing 0.084 mass% (840 mass ppm) O were deoxidized to 0.009 mass% (90 mass ppm) 
(Exp. D13 shown in Table III, [28]). When a Ti rod of 3.0 mm in diameter containing 0.12 
mass% (1200 mass ppm) O was deoxidized at 1173 K for 86 ks, Ti with 0.027 mass% (270 mass 
ppm) O was obtained (Exp. D15 shown in Table III, [28]). The concentration of N in the sample 
was increased from 10–40 to 40–440 mass ppm after deoxidation.  
 
In Table III, some representative analytical results for O and N levels in Ti before and after 
deoxidation are listed, as well as results from previous studies [13, 14, 16, 21, 25, 26, 28]. The 
analytical values below 0.01 mass% (100 mass ppm) listed in the table include some uncertainty 
because gas analysis of Ti samples below 0.01 mass% (100 mass ppm) is difficult. However, 
notably, Ti with an O level of approximately 0.01 mass% (100 mass ppm) was obtained using 
Mg as the deoxidant when the electrochemical technique was used. 
 
Figure 4 shows the new Ti recycling process proposed in this study. Oxides attached to the Ti 
scrap are removed by molten salt rinsing and/or pre-electrolysis, and then the O dissolved in the 
Ti scrap is directly removed by molten salt electrolysis in MgCl2. By employing the oxide 
removal process prior to the electrochemical deoxidation process, the disadvantage of oxide 
accumulation in molten MgCl2 can be avoided, and effective deoxidation directly from scrap 
becomes feasible. 
 
Based on the process shown in Figure 4, various recycling technologies for recycling Ti scrap 
can be developed. For example, Figure 5 shows a new concept of the recycling process for Ti 
scrap by using electrochemical deoxidation in molten MgCl2 followed by the removal of MgCl2 
by vacuum distillation or some other method. The electrochemical cell for MgCl2 electrolysis 
used in the conventional Kroll process can also be utilized in the process shown in Figure 5.  
 
As Ti production increases, scrap treatment becomes increasingly important. In particular, 
recycling of Ti scrap heavily contaminated with O will be particularly significant. In the future, 
the direct removal technique of O proposed in this study may be applied for recycling Ti scrap. 
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Table III. Representative results for Ti deoxidation by using various  
solid-state deoxidation techniques [13, 14, 16, 21, 25, 26, 28]. 

Method% O  N& Note and references 
 (mass ppm)  (mass ppm) (Exp. #)
 Init. After  

deox. 
 Init. After 

deox.
Ca-CaO 430 460  20 340 1273 K, 86 ks, [13] 
 1430 470  100 470 (Eq-3)
    
Y-Y2O3 200 120  n.a. 1231 K, 260 ks, [14] 
 1100 150, 170  n.a. (#2U)
Y-Y2O3 210 90  10 (30) 1213 K, 551 ks, [16]  
 950 100, 220  20 (50) (#U)
 670 80, 100  30 (60)
Y-Y2O3 210 40, 080  10 (50) 1173 K, 518 ks, [16] 
 950 160, 160  20 (120) (#T)
 670 030, 240  30 (80)
    
Ca-Y-Y2O3 210 130  10 (40) 1173 K, 604 ks, [16] 
 950 60, 090  20 (50) (#W)
 670 60, 090  30 (120)
Ca-CaCl2 130 16  10 41 1273 K, 90 ks, [21] 
 130 17  10 34 (#17B1), RRR4.2

+ = 98,  Hv$ = 85 
    
Ca-CaCl2 130 35  10 49 1373 K, 40 ks, [21] 
 130 22  10 45 (#19B1), RRR4.2

+ = 95,  Hv$ = 92 
    
Ca-CaCl2 150 62  10 86 1273 K, 86 ks, [21] 
    (#3C), RRR4.2

+ = 122,  Hv$ = 82 
    
Electrochem. 900 < 10  40 20 1223 K, 22 ks, [23] 
(CaCl2)* 1400 < 10  20 20 (#49), Contaminated by C 
    
Electrochem. 110 10  < 10 < 10 1223 K, 27 ks, [25] 
(CaCl2)* 900 20  30 50 (#69), C: 20 30, 50 80 ppm 
    RRR4.2

+ = 155,  Hv$ = 64 
    
Electrochem. 210 40, 050  10 10 1189 K, 36 ks, [26] 
(CaCl2)*    (#12)
 (O in Gd: 2100  10, 50 ppm, O in Tb: 2600  20, 20 ppm, O in Dy: 2300  20, 30 ppm 

(O in Er: 2800  40, 40 ppm, O in Y: 11200  340, 380 ppm)
    

Electrochem. 110 100  < 10 40 1173 K, 86 ks, [25] 
(MgCl2)* 900 60  30 70 (#75), C: 20 50, 50 120 ppm 
 840 90  20 440 1173 K, 86 ks, [28] 

(D13_150121a) 
 1200 270  40 260 1173 K, 86 ks, [28] 

(D15_150123b) 
% : “M-MOx”: deoxidation by metal / metal oxide; “Ca-CaCl2”: calcium-halide flux deoxidation; 
   “Electrochem.”: electrochemical deoxidation. 
*  :  Salt in parentheses shows molten salt used for electrochemical deoxidation. 
&  :  Values in parentheses include uncertainties. 
+  :  Residual resistivity ratio, 298 / 4.2, determined by measurement at 298 and 4.2 K. 
$ :  Vickers micro hardness (kgf/mm2), measured using a 500-g load at room temperature. 
n.a. :  Not analyzed or not reported. 
a  :  Ti wire (  1.0 mm) was used. O and N contents were determined by KOBELCO Research Institute, Inc. 
b  :  Ti rod (  3.0 mm) was used. O and N contents were determined by KOBELCO Research Institute, Inc. 
   

757



8 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Ti recycling process proposed in this study. Oxide in the Ti scrap is removed by salt 
rinsing and pre-electrolysis, and then the O dissolved in the Ti scrap is directly removed by 
molten salt electrolysis in MgCl2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. New concept of industrial application of the Ti recycling process based on MgCl2 
electrolysis. This process is feasible by applying existing MgCl2 electrolysis technologies for use 
in Ti smelters based on the Kroll process. 
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Conclusions 
 
The removal of O from Ti by using an electrochemical technique in molten MgCl2 was examined 
at temperatures of ~1173 K. The activity of Mg increased and that of MgO decreased near the Ti 
cathode surface when voltages were applied between Ti and C electrodes immersed in molten 
MgCl2. These activity changes facilitated the deoxidation of a Ti cathode in Ti samples. A Ti 
sample containing approximately 1000 mass ppm O was deoxidized to less than 200 mass ppm 
by applying 3.1 V between the Ti and C electrodes for 86 ks. In some cases, the concentration of 
O in Ti was decreased to below 100 mass ppm, which cannot be accomplished using the 
conventional Kroll process. The application of this deoxidation technique to industrial recycling 
processes may become practical in the future. 
 

Acknowledgements 
 

The authors are grateful to Professor Masafumi Maeda and Professor Kazuki Morita of The 
University of Tokyo, and to Dr. Tetsushi Deura and Messrs. Daisuke Matsuwaka and Fumiaki 
Kudo of Kobe Steel, Ltd., for their sample analysis. The authors thank Mr. Yuki Hamanaka, Dr. 
Katsuhiro Nose, and Mr. Hisao Kimura for their valuable suggestions and technical assistance. 
This research was partly funded by a Grant-in-Aid for the Next Generation of World-Leading 
Researchers (NEXT Program) for the Research Project for Development of Environmentally 
Sound Recycling Technology of Rare Metals (NEXT Program #GR019), and a Grant-in-Aid for 
Scientific Research (S) (KAKENHI Grant #26220910) by JSPS. 
 

References 
 

1. T. G. Goonan, “Titanium Recycling in the United States in 2004,” Flow Studies for Recycling Metal 
Commodities in the United States, ed. S. F. Sibley, (U.S. Geological Survey Circular 1196, 2010), 
Y1–Y16. 

2. B. Rotmann, C. Lochbichler, and B. Friedrich, “Challenges in Titanium Recycling: Do We Need a 
New Specification for Secondary Alloys?,” Proceedings of EMC 2011 (2011). 

3.   T. H. Okabe and K. Nose, eds., The Latest Technological Trend of Rare Metals (Tokyo, Japan: CMC 
Publishing Co. Ltd., 2012), 95–107 and 117–127. (in Japanese) 

4. American Society for Testing and Materials, Standard Specification for Titanium and Titanium Alloy 
Strip, Sheet, and Plate, (ASTM International, West Conshohocken, PA, 2006), B265-06b. 

5. W. Kroll, “The Production of Ductile Titanium,” Trans. Electrochem. Soc., 78 (1940), 35–47. 
6.   T. B. Massalski et al., eds., Binary Alloy Phase Diagrams, 2nd ed., vol. 3, (ASM International, 

Materials Park, OH, United States of America, 1990), 2924–2927. 
7. T. H. Okabe, K. T. Jacob, and Y. Waseda, “Removal of Oxygen in Reactive Metals,” Purification 

Process and Characterization of Ultra High Purity Metals, ed. Y. Waseda and M. Isshiki (Springer, 
Berlin, 2001), 3–37. 

8. K. Ono and S. Miyazaki, “Study on the Limit of Deoxidation of Titanium and the Reduction of 
Titanium Dioxide by Saturated Calcium Vapors,” J. Japan Inst. Metals, 49(10) (1985), 871–875.  

 (in Japanese) 
9. R. L. Fisher, “Deoxidation of Titanium and Similar Metals Using a Deoxidant in a Molten Metal 

Carrier,” US Patent No. 4923531A, 1990. (UK Patent No. GB 2224749A, 1989) 
10. R. L. Fisher, “Deoxidation of a Refractory Metal,” US Patent No. 5022935, 1991. 
11. R. L. Fisher and S. R. Seagle, “Removal of Oxide Layers from Titanium Castings Using an Alkaline 

Earth Deoxidizing Agent,” US Patent No. 5211775 A, 1993. 
12. R. L. Fisher and S. R.Seagle, “DOSS, An Industrial Process for Removing Oxygen From Titanium 

Turnings Scrap,” Proc. Titanium’92, Science and Technology, vol. 3, ed. F. H. Froes and I. Caplan, 
(TMS, Warrendale, PA, U.S.A., 1993), 2265–2272. 

759



10 
 

13. T. H. Okabe, R. O. Suzuki, T. Oishi, and K. Ono, “Thermodynamic Properties of Dilute Titanium-
Oxygen Solid Solution in Beta Phase,” Mater. Trans., JIM, 32(5) (1991), 485–488. 

14. T. H. Okabe et al., “Thermodynamic Properties of Oxygen in Yttrium Solid Solution,” Met. Trans. B, 
27(5) (1996), 841–847. 

15. T. H. Okabe et al., “Thermodynamic Properties of Oxygen in Ln-O (Ln=La, Pr, Nd) Solid Solutions 
and Their Deoxidation by Molten Salt Electrolysis,” Shigen-to-Sozai (J. Min. Mater. Process. Inst. 
Jpn.), 114(11) (1998), 813–818. 

16. T. H. Okabe et al., “Thermodynamic Properties of Oxygen in RE-O (RE=Gd, Tb, Dy, Er) Solid 
Solutions,” J. Alloys Compd., 279 (1998), 184–191. 

17. J.-M. Oh et al., “Preparation Method of Ti Powder with Oxygen Concentration of <1000 ppm Using 
Ca,” Powder Metallurgy, 55(5) (2012), 402–404. 

18. J.-M. Oh et al., “Preparation of Low Oxygen Content Alloy Powder from Ti Binary Alloy Scrap by 
Hydrogen-Dehydrogenation and Deoxidation Process,” J. Alloys Compd., 593 (2014), 61–66. 

19. K.-M. Roh et al., “Comparison of Deoxidation Capability for Preparation of Low Oxygen Content 
Powder from TiNi Alloy Scraps,” Powder Technology, 253 (2014), 266–269. 

20. T. H. Okabe et al., “Preparation of Extra Low Oxygen Titanium by Calcium-Halide Flux 
Deoxidation,”  Tetsu-to-Hagane (J. Iron Steel Inst. Jpn.), 77(1) (1991), 93–99. (in Japanese) 

21. T. H. Okabe, T. Oishi, and K. Ono, “Preparation and Characterization of Extra-Low-Oxygen 
Titanium,”  J. Alloys Compd., 184 (1992), 43–56. 

22. T. H. Okabe, T. Oishi, and K. Ono, “Deoxidation of Titanium Aluminide by Ca-Al Alloy under 
Controlled Aluminum Activity,” Met. Trans. B, 23(5) (1992), 583–590. 

23. T. H. Okabe et al., “Electrochemical Deoxidation of Titanium,” Met. Trans. B, 24(3) (1993),  
 449–455. 
24. T. H. Okabe et al., “Electrochemical Deoxidation of Yttrium-Oxygen Solid Solution,” J. Alloys 

Compd., 237 (1996), 150–154.  
25. M. Nakamura et al., “Electrochemical Deoxidation of Titanium,” Proc. Int. Symp. Molten Salt Chem. 

Tech., (1993), 529–540. 
26. K. Hirota et al., “Electrochemical Deoxidation of RE-O (RE=Gd, Tb, Dy, Er) Solid Solution,”  
 J. Alloys Compd., 282 (1999), 101–108. 
27. G. Z. Chen, D. J. Fray, and T. W. Farthing, “Cathodic Deoxidation of the Alpha Case on Titanium 

and Alloys in Molten Calcium Chloride,” Met. Trans. B, 32(6) (2001), 1041–1052. 
28. Y. Taninouchi, Y. Hamanaka, and T. H. Okabe, “Electrochemical Deoxidation of Titanium Using 

Molten Magnesium Chloride,” (in preparation).  
29. T. H. Okabe, Y. Hamanaka, and Y. Taninouchi, “Direct Oxygen Removal Technique for Recycling 

Titanium Using Molten MgCl2 Salt,” Faraday Discussions (in print).  
30. Y. Hashimoto, K. Uriya, and R. Kono, “Electro-Winning of Titanium Metal from Its Oxide by Fused 

Salt Electrolysis at Temperatures above the Melting Point of the Metal,” Denki Kagaku, 39(6) (1971), 
516–522. (in Japanese) 

31. Y. Hashimoto, “Influences of Fluoride Salt Baths on Fused-Salt Electrodeposition of Titanium Metal 
from TiO2,” Denki Kagaku, 39(12) (1971), 938–943. (in Japanese) 

32. Y. Hashimoto, “Electro-Winning of Titanium from TiO2 or CaTiO3 in CaF2-MgF2 Molten Salt 
Bath,” Denki Kagaku, 40(1) (1972), 39–44. (in Japanese) 

33. G. Z. Chen, D. J. Fray, and T. W. Farthing, “Direct Electrochemical Reduction of Titanium Dioxide 
to Titanium in Molten Calcium Chloride,” Nature, 407(6802) (2000), 361–364. 

34. G. Z. Chen, D. J. Fray, and T. W. Farthing, “Removal of Oxygen from Metal Oxides and Solid 
Solutions by Electrolysis in a Fused Salt,” US Patent No. 2004/0159559 A1, 2004. 

35. D. J. Fray, “Emerging Molten Salt Technologies for Metals Production,” JOM, 53(10) (2001), 26–31. 
36. K. Ono and R. O. Suzuki, “A New Concept for Producing Ti Sponge: Calciothermic Reduction,” 

JOM, 54(2) (2002), 59–61. 
37. R. O. Suzuki and S. Inoue: “Calciothermic Reduction of Titanium Oxide in Molten CaCl2,” Met. 

Trans. B, 34(3) (2003), 277–285. 
38. R. O. Suzuki, “Direct Reduction Process for Titanium Oxide in Molten Salt,” JOM, 59(1) (2007),  
 68–71. 
39. I. Barin, Thermochemical Data of Pure Substances, 3rd ed. (VCH Verlagsgesellschaft mbH, 

Weinheim, Germany, 1995).  

760



Electrochemical Upgrading of Iron- ich Titanium Ores

Farzin Fatollahi-Fard1 and Petrus Christiaan Pistorius1

1Materials Science and Engineering, Carnegie Mellon University 
5000 Forbes Avenue, Pittsburgh, PA 15213 

Keywords: Titanium, Synthetic Rutile, Ilmenite, Molten Salt 

Abstract 

The production of synthetic rutile using a novel electrochemical process using a molten salt 
electrolyte is described. The product produced by this process is of similar quality and composition 
to existing synthetic rutile materials, which are used as a feedstock to many titanium and pigment 
production processes. The mechanism that underlies this process is the solubility of iron(III) oxide 
in chloride salts, which can then be reduced electrochemically, producing metallic iron, and 
leaving behind synthetic rutile. The effect of electrolyte composition is also investigated. 

Introduction 

Both the Kroll process for making titanium metal and pigment production from titanium require 
titanium (IV) chloride (TiCl4) as a feedstock. The process of chlorination is very sensitive to 
impurities in the titanium concentrate, so natural and synthetic rutile can be used due to their low 
impurity content. However, synthetic rutile itself is produced from titanium mineral concentrates 
that are often high in iron, such as ilmenite (ideal formula FeTiO3) [1]. 

In order to produce titanium of low enough iron to be considered synthetic rutile, the material 
needs to be “upgraded”. One such process is the Becher process, which involves carbothermal 
reduction of ilmenite to reduce the iron to metallic form, described in reaction (1). This is then 
followed up with a leach in a dilute ammonium chloride solution in oxygenated water, which 
results in the dissolution and re-precipitation of the iron as an oxide away from the titanium 
concentrate. This leaves behind a porous synthetic rutile material. 

FeTiO3 + C # TiO2 +Fe + CO (1) 

In the 1970's, Pollard and Stewart proposed a novel method of iron removal from titaniferous 
concentrates using a molten salt process [2, 3, 4]. Their process involved immersing the 
concentrate into molten sodium chloride in conjunction with hydrogen chloride, carbon, and with 
a nitrogen and carbon monoxide atmosphere. Pollard and Stewart suggested that the hydrogen 
chloride was the driving mechanism for the dissolution of the iron oxide. 

Our recreation of Pollard and Stewart's methods showed that when using an iron(III) oxide bearing 
titanium mineral sand, hydrogen chloride and carbon monoxide was not necessary, implying that 
another mechanism was driving dissolution [5]. We determined that the dissolution of the iron was 
due to a low–but nonzero–solubility of iron(III) oxide in both molten sodium chloride and a sodium 
chloride–potassium chloride eutectic mixture, giving a concentration of dissolved iron oxide of up 
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to 43 molar ppm after dissolution for 24 hours. When iron(III) oxide is dissolved in molten salt in 
the presence of a carbon, it precipitates out as metallic iron, keeping the amount of dissolved iron 
oxide in solution low, providing a constant driving force for dissolution despite having a very low 
solubility limit. The actual reaction can be written as a typical iron reduction reaction, as expressed 
in reaction (2). 
 
 Fe2O3 + 3 C # 3 CO + 2 Fe (2) 
 
In theory, any mechanism which could remove iron(III) oxide from solution would maintain this 
driving force for dissolution. We believe that if the correct electrochemical potential is applied (by 
the Nernst equation, the potential of reaction (2) is 0.18 volts at 850 °C, for standard conditions), 
the iron can be plated out, providing the same driving force for dissolution as a chemical reductant. 
If this is the case, the resulting synthetic rutile can be removed from the salt after the process is 
complete, and will be ready for use after a simple water wash. This approach of electrochemical 
removal of dissolved iron oxide was tested in the work presented here. 
 

Methods 
 
The titanium concentrate used in these experiments was a pseudorutile mineral sand, whose 
composition is listed in Table I. This mineral sand is a mixture of pseudorutile (Fe2Ti3O9) [6], 
natural rutile, and small amounts of ilmenite (FeTiO3). In all cases, the materials were ground for 
2 minutes using a “ring and puck” type tungsten carbide grinder (SPEX SamplePrep ShatterBox 
8530). 
 
For the electrolyte used in these experiments we used either pure sodium chloride (Fisher 
Chemical, >99.0%) or a eutectic mixture of 50.6 molar percent sodium chloride with 49.4 molar 
% potassium chloride (Fisher Chemical, >99.0%). For all experiments, the electrolyte was 
contained in a high-purity alumina crucible (Coorstek, 99.8%) with an inside diameter of 
approximately 6.65 centimeters (2.625 inches). The amount of electrolyte used was the amount 
necessary to make a 3 centimeter deep pool of molten salt (this was determined by the density of 
molten salts given by Janz et al. [7]). We used a Gamry Reference 3000 potentiostat to both control 
the cell voltage and current, as well as collect voltage and current data. 
 
Characterization of the samples was carried out by x-ray diffraction (XRD) using a PANalytical 
X'Pert Pro x-ray diffractometer. When unknown phases were encountered in the x-ray diffraction 
pattern, these were identified by QualX2 software [8]. Imaging was performed by an Aspex 
Explorer, Phillips XL30, or FEI Quanta 600 scanning electron microscope (SEM). Phase 
identification and composition maps were obtained by energy-dispersive spectroscopy (EDS) on 
the SEM. Bulk compositions were determined using PANalytical MiniPal4 x-ray fluorescence 
spectrometer (XRF). 
 

Electrochemical Reactor Design 
 
The reactor is placed into a normal vertical tube furnace. All reactor components are made of 
316/316L stainless steel unless otherwise specified. The main reactor tube is an NPT size 3 (3.5 
inch OD) unthreaded pipe (schedule 10), with a 3.5 inch disk and flange attachment welded to the 
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bottom and top, respectively. The reactor is held in place in the furnace by a flange that is bolted 
to a frame above the furnace. The reactor cap is placed over the flange and the entire flange 
assembly is bolted together, holding the reactor tube, flange, and reactor cap firmly bolted to the 
furnace's frame. There is a 1/8 inch thick Viton gasket providing a gastight seal between the reactor 
tube and the reactor cap. 
 
The reactor cap contains 6 ports. There are two 7/8 inch Swagelok fittings, which are the main 
anode and cathode ports for the reactor. There are also four 1/4 inch Swagelok fittings, which are 
for the gas inlet, gas outlet, reference electrode, and the thermocouple tube. The thermocouple tube 
can also be replaced by a pressure gauge, or the port could be used as an in-situ electrolyte sampling 
port, if necessary (these options are mutually exclusive). 
 
The main electrodes are 1/4 inch diameter stainless steel rods with threaded ends, inserted into 
high-temperature silicone stoppers. The stoppers are the correct size to plug up the 7/8 inch 
Swagelok fittings on the electrode ports, while also being an electrically insulating barrier between 
the rods and the reactor cap. We currently have 3 options for the threaded ends: 1/2 inch diameter 
high-purity graphite rods, metal strips (304 stainless steel or Grade 2 titanium), and the graphite 
anode basket. The metal strips have a 1/4 inch hole and an L-bend, and are held in place by bolts. 
The graphite rods are put on via 1/4 inch to 1/2 inch threaded adapters. The anode basket can be 
attached to the electrode rod by Kanthal wire. 
 
Molten silver chloride reference electrode: For the reference electrode in our system, we have 
selected a silver-silver chloride reference electrode, due to the fact that silver only has a single (+1) 
valance state. However, the temperature at which our reactor operates is above the melting point 
of silver chloride. Therefore, unlike a typical aqueous salt system where a silver-silver chloride 
reference would be used, we cannot have a solid film of silver chloride on silver. However, as 
silver chloride is soluble in the chloride salts we use as electrolytes, we can still utilize this as a 
reference. 
 
The literature shows a few examples of silver chloride solutions being used as a reference electrode 
[9, 10]. In the case of our system, reactions (3) and (4) are used to define the electrode potential 
relative to chlorine evolution. We can then use the Nernst equation to find the potentials of this 
reaction, taking into account the activity of dissolved silver chloride. As a first-order 
approximation, the molar concentration of the salt is taken to be equal to its thermodynamic 
activity, with a constant activity coefficient (reasonable for dilute solutions). Figure 1 is a plot of 
potential as a function of silver chloride activity. 
 
 Ag + Cl– $ AgCl + e– (3) 
 Ag + 1/2 Cl2 $ AgCl (4) 
 
The silver chloride electrode uses 1 millimeter diameter silver wire (Alfa Aesar, 99.95%), a 1/4 
inch outside diameter alumina tube (Coorstek, 99.8%), alumina insulation material (ZIRCAR 
alumina felt type RS-3000), and hardener (ZRCI AL-HARD Rigidizer). A small piece of the 
alumina insulation was dipped in the hardener and put into one end of the alumina tube. Drying 
this produced an alumina tube with a porous plug on one end. The molten chloride salts we use 
wet alumina very well, and percolate through the porous plug to provide a small pool in contact 
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with the silver wire. The potentiostat, operating in galvanostatic mode, can dissolved silver into 
the small electrolyte pool (producing silver chloride), providing an effective reference. For our 
experiments, we passed 50 mA for 300 seconds in order to produce a local concentration of 4 
molar % AgCl. At the end of the experiment, the silver chloride can be recycled by passing the 
opposite current for the same amount of time. 
 

 
Figure 1. Plot of Ag/AgCl potential (relative to chlorine evolution) as a function of AgCl activity 

(T = 800 °C). 4% concentration (used in all experiments) is shown as red dotted line. 
 

Experimental Procedure and Characterization 
 
In the first experiment, the pseudorutile mineral sand was immersed in the salt in a small (~2 cm 
diameter) alumina crucible (Coorstek, 99.8%) in a eutectic NaCl-KCl electrolyte at 850 °C. The 
material was allowed to sit for 24 hours for the iron oxide to dissolve into the electrolyte. 
Afterwards, a stainless steel working electrode and a graphite rod counter electrode were inserted. 
The potentiostat was set to potentiostatic mode applying a voltage of -0.5 volts for 24 hours, to 
plate the dissolved iron from solution. After this, the electrodes were removed and the resulting 
titanium concentrate collected during the dissolution of the salt in water. Washing involved putting 
the crucible containing the salt into a 1 liter beaker of boiling water. The collected mineral sand 
was further washed with clean water using a Soxhlet extractor. 
 
In the second experiment, the electrolyte was pure sodium chloride at 900 °C. The mineral sand 
was placed in a graphite basket and affixed to an electrode rod. The basket was placed in into the 
molten salt and allowed to remain for 24 hours. Afterwards, a stainless steel electrode was inserted 
as a working electrode, and the graphite basket itself was used as the counter electrode. The 
potentiostat was set to potentiostatic mode to apply -0.5 volts for 3.75 hours. After this, the 
reference electrode was recycled and regenerated (since it was found that loss of silver chloride 
from the reference electrode occurred, affecting its voltage). This electrochemical regime was 
repeated two more times, for a total run time of 12 hours, after which the basket is removed, and 
the contents of the reactor cooled to room temperature. The salt in the graphite basket was then 
dissolved with water and its contents placed in the Soxhlet extractor for washing. 
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Results 

Electrochemical Leaching in NaCl-KCl Electrolyte 

Due to difficulties in the removal of the titanium concentrate from the solidified salt, only 0.2 
grams was recovered, insufficient for XRF measurements. The material was subjected to x-ray 
diffraction, yielding the XRD pattern shown in Figure 2. QualX2 identified the compounds present 
as rutile, ilmenite, and KTi8O16. 
 

 
Figure 2. X-ray diffraction pattern of the pseudorutile concentrated after electrochemical 
leaching in NaCl-KCl electrolyte (top) and the calculated patterns of rutile, ilmenite, and 

KTi8O16 (bottom) 
 

SEM was performed on the bulk material mounted on a stub, as well as a mounted and polished 
sample. Secondary electron imaging of the sample on the stub (Figure 3), showing a very needle-
like structure. Backscattered electron imaging of the mounted section (Figure 4(a)) shows slight 
variations in contrast, indicating minor differences in composition. EDS measurements suggest 
that these brighter spots contain potassium. We also performed SEM on the working electrode, 
where we expected iron deposition. We did observe clusters formed on the surface of the electrode, 
and EDS confirmed these to be iron. However, as well as an increase in iron, we observed bright 
spots in the backscattered image. EDS analysis showed these spots to be silver. 
 

Electrochemical Leaching in NaCl Electrolyte 
 
Due to the minor adjustments in the procedure (use of the anode basket, to allow for easy removal), 
most of the pseudorutile was recovered. After magnetic separation (to remove any potential 
metallic iron formation due to the use of a carbon crucible), the material was subjected to XRD 
(Figure 5) and was also analyzed by XRF (composition listed in Table I). 
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The sample was analyzed by SEM, shown in Figure 6. We observed small mostly spherical 
particles, with some irregularly shaped particles, similar to the ground pseudorutile starting 
material. Backscatter imaging showed particles that were mostly uniform in contrast, with some 
small particles being brighter. The EDS map in Figure 6 shows that the dark particles (the majority 
of the material) was titanium oxide, with small amounts (<5 wt. %) of iron. The small bright 
particles had iron contents approaching 50 weight %, implying they were ilmenite particles. 

 
Figure 3. Secondary electron image of the NaCl-KCl leached pseudorutile 

 
Figure 4. (Left) Backscattered electron image of NaCl-KCl leached pseudorutile (polished 

section), (Right) EDS map showing titanium (red) and potassium (white) 
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Figure 5. X-ray diffraction pattern of the pseudorutile concentrate after electrochemical leaching 

in NaCl electrolyte (top) and the calculated patterns of rutile and ilmenite (bottom) 
 
 
 

 
Figure 6.  (Left) Backscattered electron image of NaCl leached pseudorutile (polished section), 

(Right) EDS map showing titanium (red) and iron (green) 
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Table I. Compositions of pseudorutile mineral sand and the NaCl leached sample in wt% 
Compound Pseudorutile Leached (NaCl) 

TiO2 80.5 88.0 
Fe2O3 15.9 8.0 
Al2O3 0.3 0.4 
CaO 0.2 0.1 

Cr2O3 0.4 1.2 
MgO <0.1 <0.1 
MnO 0.9 0.3 
SiO2 1.6 1.5 
ZrO2 0.2 0.4 

 
Discussion 

 
In the case of the leaching in NaCl-KCl eutectic molten salt, the emergence of the KTi8O16 
compound was surprising. However, upon the discovery of the silver on the working electrode, 
this led us to a theory as to what occurred. During the 24 hour potentiostatic run, the silver in the 
reference electrode pool diffused across the porous plug, and was plated on to the working 
electrode. Due to the drop in the silver concentration, the reference drifted (towards more negative 
potentials), allowing the potential to reach the point where electrolyte decomposition could occur. 
Potassium chloride will decompose at a higher potential relative to sodium chloride, and potassium 
is miscible in potassium chloride [11]. The free potassium could then reduce the TiO2 directly, to 
form KTi8O16. 
 
The lessons from the NaCl-KCl experiment led us to make changes, such as changing the 
electrolyte to pure sodium chloride, and recycling and regenerating the reference electrode to 
prevent the potential from drifting. While this did not prevent silver chloride loss from the 
reference electrode, it would reset the potential to the correct value every few hours, to avert 
decomposition of the electrolyte. Given the lack of sodium seen in EDS, it is safe to assume this 
worked. 
 
From the XRF results, we can see that the TiO2 content has not reached the threshold of 95% to 
be considered a synthetic rutile. However, from the XRD pattern, we can see that there is still 
ilmenite present. This is a holdover from the pseudorutile ore itself, which contains some amount 
of ilmenite. Since the ilmenite is expected to contain iron(II) oxide, the iron oxide is not expected 
to dissolve in our molten salts. If the ore was ilmenite free, or if the ore was roasted in air at a 
temperature sufficient to oxidize the iron(II) oxide to iron(III) oxide, then we believe we could 
reach the concentration levels necessary for the mineral sand to reach rutile levels of purity after 
electrochemical leaching. 
 

Conclusion 
 
We have shown that using the inherent solubility of iron(III) oxide in molten sodium and potassium 
chlorides, we can use an electrochemical process to purify titanium ores. Although we did not 
reach the purity levels necessary to achieve the 95 weight % TiO2 threshold of natural and synthetic 
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rutile materials, some minor modifications to the procedure (i.e. an oxidizing roast before leaching) 
could allow this to occur. 
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Abstract

Given the renewed interest in uranium from the pyroprocessing of used nuclear fuel in a molten 
salt system, the two biggest hurdles for marketing the uranium are radiation levels and 
transuranic content.  A radiation level as low as possible is desired so that handling operations 
can be performed directly with the uranium.  The transuranic content of the uranium will affect 
the subsequent waste streams generated and, thus also should be minimized.  Although the 
pyroprocessing technology was originally developed without regard to radiation and transuranic 
levels, adaptations to the process have been considered.  Process conditions have been varied 
during the distillation and casting cycles of the process with increasing temperature showing the 
largest effect on the reduction of radiation levels.  Transuranic levels can be reduced 
significantly by incorporating a pre-step in the salt distillation operation to remove a majority of 
the salt prior to distillation.

Introduction

During the last twenty years, several nuclear entities have shown various interest levels in the 
uranium products from the pyroprocessing of used metallic nuclear fuel at the Fuel Conditioning 
Facility (FCF).  The used nuclear fuel originates from the core or driver regions of the retired 
Experimental Breeder Reactor II (EBR-II) and Fast Flux Test Facility (FFTF) and is highly 
enriched (~60% U-235) with moderate burnup (~10 atom%).  Inevitably, the two biggest hurdles 
for marketing the uranium products are radiation levels and transuranic (viz. plutonium) content. 
Since most of the operations by other entities would not be remotely handled as in FCF, a 
radiation level as low as possible is desired so that these entities can handle the recycled uranium 
directly.  The transuranic content will affect the subsequent waste streams generated by the 
entities during the processing of the uranium products and, thus also should be minimized.  It 
should be noted that pyroprocessing technology was originally designed and developed to be 
performed remotely and without regard to radiation and plutonium levels [1-3].  Thus, 
retrofitting the process to market uranium presents challenges not anticipated with the original 
technology.  This paper reports on the experimental research in FCF to reduce the radiation and 
plutonium levels such that the uranium products may be more attractive for other nuclear 
entities.
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Equipment

Two unit operations of the pyroprocess have been targeted to reduce the radiation levels and 
transuranic content by varying the process conditions; the distillation and casting operations.  
Distillation is performed on electrorefined dendritic material to remove salt from metallic 
uranium and consolidate the uranium. The casting operation down-blends the fissile content of 
the uranium and allows sampling of the molten uranium product for chemical analyses.  Both 
operations are performed in a hot cell environment where all tasks are performed remotely with 
electro-mechanical manipulators.  

Figure 1 shows a layout of the distillation equipment, or cathode processor, including splatter 
shield, process crucible, radiation shield, condenser, and receiver crucible.  The furnace region of 
the cathode processor is heated by a passively cooled induction coil that suscepts to the graphite 
furnace liner which, in turn, heats the graphite process crucible by radiation.  The process 
crucible is either coated with a slurry of zirconia (ZrO2) and dried or has a ceramic liner of 
zirconia cast into the graphite crucible.  A vacuum system is connected to the condenser region 
and consists of mechanical pumps that are connected to the vessel through an assembly of 
piping, manifolds, and valves.  Distillate material is transferred to the condenser region from the 
process crucible in the vapor phase and collected in the receiver crucible.  

(a)                                                                (b)

Figure 1.  Schematics of cathode processor (a) and casting furnace (b)
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Testing with irradiated materials in the cathode processor commenced in August 1996 with a 
batch of enriched dendrites from the Mk-IV electrorefiner [4].  Enriched batch sizes in the 
cathode processor are less than 20 kg with an approximate salt fraction of 20 wt.%.  As designed, 
the cathode processor is capable of temperatures as high as 1673 K and pressures less than 10 Pa.  
For typical distillations, it is only heated to 1473 K at less than 100 Pa to achieve sufficient 
separation of distillate from the uranium ingots.  A more thorough description of the cathode 
processor equipment and operations is given elsewhere [5].

Also shown in Figure 1 is a schematic of the casting equipment, an inductively-heated furnace 
capable of melting and casting uranium ingots.  A graphite crucible coated with yttria contains 
the molten uranium from which samples are taken via an evacuation/pressurization cycle.  The 
vacuum capability is instrumental in casting molten metal into quartz molds (0.43 cm inside 
diameter by 41 cm length).  Following a system evacuation, the molds are submerged into the 
melt and the system is repressurized rapidly to fill the molds.  The solidified metal is removed 
from the molds, sectioned (0.64 cm length), and sent to the analytical laboratory for chemical 
analyses.

More than 100 heats of the casting furnace have been performed to down-blend, sample, and 
produce uranium products (20 cm diameter by approximately 8 cm height) ranging in size from 
15-50 kg [6]. Additional depleted uranium is utilized for the down-blending to take the 
enrichment to less than 20% U-235. The casting furnace is capable of temperatures as high as 
1873 K and vacuums to less than 100 Pa.  The uranium products, once characterized by chemical 
analyses, are being placed in interim storage awaiting final disposition.  

Following the dissolution of the solidified metal sections in nitric acid in the analytical 
laboratory, two different techniques are utilized for the determination of chemical compositions;
inductively-coupled plasma mass spectroscopy (ICP-MS) and gamma-ray spectroscopy.  The 
equipment for these techniques has been modified for use with radioactive solutions to limit 
personnel exposure by their operation in a shielded glovebox and monitoring of the transmission 
by a spectrometer located exterior to the box. 

Radiation Readings of Uranium Products

There are two methods for measuring the radiation readings from uranium products produced 
during the treatment of used EBR-II and FFTF fuel; ingot form and pin form.  The ingot form 
measurements are made at several positions on the storage container with the uranium products.  
Typically the measurements, in R/hr, from the bottom of the storage container on contact are 
used for comparison purposes.  This measurement is through 0.95 cm steel plate and usually is 
performed on the ingot’s top surface.  The pin form measurements are performed in the 
analytical laboratory directly on sectioned pin pieces before dissolution for chemical analyses.  
Shown in Table I are the ingot and pin form data for the three processing campaigns of the driver
fuel to date (U-10Zr is a binary uranium-zirconium fuel and U-5Fs is a uranium-fissium alloy 
where fissium includes Mo, Ru, Rh, Pd, and Zr).
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Table I.  Radiation readings (R/hr/kg) of driver uranium products

The first value is the radiation reading and the second value in parentheses is the number of units 
averaged for the data.  The data for the ingot form have been adjusted for the 0.95 cm plate and 
the slag layer on the top of the ingot so that a direct comparison with the pin form is possible [7].  
As seen from the data, the ingot form radiation readings are much lower, presumably due to the 
self-shielding effects in the ingot form.

The primary contribution to the radiation level is gamma-based Cs-137 which oxidizes to the 
electrorefiner salts as cesium chloride [7].  Although the distillation step of pyroprocessing 
removes the majority (>99%) of the salt from uranium, a residual quantity remains that can either 
react with the oxide-based crucible components to form stable cesium compounds (e.g. CsxUyOz)
or remain as undistilled cesium chloride.  In both instances, the cesium can preferentially 
accumulate on the surface of uranium products, both ingots and pins, based on the differential 
cooling characteristics of the products. 

Shown in Table II are specific radiation measurements of uranium product batches (FF for FFTF 
and FS for fissium) with their associated maximum temperatures at the cathode processor (CP) 
and casting furnace (CF).  For consistency, only radiation readings from the bottom of the 
storage container on contact (~2.54 cm) are reported in Table II.  Radiation readings were only
taken following the casting step for the FFTF batches while the fissium batches had 
measurements taken on both the cathode processor and casting ingots. In general, increasing the 
maximum temperature at the cathode processor reduced the radiation readings of the casting 
ingots.  Conversely, no significant effect has been seen to date in increasing the temperatures at 
the casting furnace.  

Also included in Table II is the quantity of Cs-137 found from sampling during the casting 
operation. Since the sampling of uranium ingots is performed during the casting cycle, the 
amount of Cs-137 detected represents a bulk or homogeneous quantity and may not represent 
that associated with the top surface of the ingot.  Despite the bulk versus surface concern, the 
amount of Cs-137 in the casting ingots appears to be correlated with the radiation measurements, 
see Figure 2. Possible sources of errors in the Cs-137 data include analytical, sampling, and 
cross-contamination from reusable casting crucibles or other casting equipment components. 
The most significant error in the radiation reading data derives from the measurement location; 
the reading is a function of the inverse of distance squared.

           Fuel EBR-II FFTF EBR-II
  Form U-10Zr U-10Zr U-5Fs

Ingot 0.2 (5) 0.1 (15) 0.1 (3)
Pin 1.0 (14) 1.8 (24) 0.5 (3)
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Table II.  Radiation readings and other data from uranium ingots

Figure 2.  Radiation readings versus Cs-137 in FFTF and EBR-II uranium products  

CP CP Ingot CF CF Ingot Cs-137 in
Maximum Radiation Maximum Radiation U Product

Temperature Reading Temperature Reading Ingot
Batch (K) (R/hr @ 2.54 cm) (K) (R/hr @ 2.54 cm) (ppb)
FF001 1473 Not Measured 1661 28.5 62
FF002 1473 Not Measured 1625 16.7 2
FF003 1473 Not Measured 1625 10.0 50
FF004 1473 Not Measured 1585 19.0 43
FF005 1623 Not Measured 1589 3.0 15
FF006 1623 Not Measured 1586 4.6 9
FF007 1473 Not Measured 1584 1.4 13
FF008 1473 Not Measured 1586 0.9 9
FF009 1623 Not Measured 1586 1.5 6
FF010 1623 Not Measured 1586 0.7 7
FF011 1473 Not Measured 1588 21.0 40
FF012 1473 Not Measured 1829 24.0 11
FF013 1623 Not Measured 1585 0.5 9
FF014 1623 Not Measured 1589 4.2 5
FF015 1623 Not Measured 1584 2.7 6
FS001 1503 10.7 1833 7.1 16
FS002 1623 11.4 1823 11.5 23
FS003 1473 59.6 1823 34.4 260
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Plutonium Content of Uranium Products

The two most recent campaigns of processing driver uranium products in FCF include the FFTF 
fuel as well as the EBR-II U-5Fs fuel.  The plutonium content for these campaigns is shown in 
Figure 3.   In general, the plutonium levels of the uranium products averages about 100 ppm with 
one ingot as high as 200 ppm.  Plutonium in the ingots is a result of the reaction of plutonium 
chloride with uranium metal in the cathode processor according to the following reaction [8]:

PuCl3 (salt) + U (metal) = UCl3 (salt) + Pu (metal) (1)

Thermodynamically, this reaction would be driven to the left although the conditions in the 
cathode processor favor the reaction to the right given the distillation of salt away from metal.  
Thus, plutonium metal is left as an impurity on the uranium products.

Figure 3.  Plutonium levels for FFTF and EBR-II U-5Fs uranium products

Although external entities have not specified an acceptable transuranic (TRU) content, levels as 
low as 10-20 ppm have been implied based on anticipated process scenarios and subsequent 
waste stream requirements.  Recognizing that approximately 75% of the TRU elements in the 
uranium product are plutonium, a plutonium value of 15 ppm is targeted as a requirement for the 
product specification.  Additional contributing TRU elements would be neptunium (Np-237) and 
americium (Am-241).  Given the current level of plutonium in the uranium products, a reduction 
by a factor of approximately seven would be required to meet this specification. 
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Since the plutonium in the uranium products originates from the salt, a scoping set of 
experiments was performed in FCF to remove a fraction of the salt prior to distillation and 
observe the effects on plutonium contamination.  An additional benefit of salt removal may be a 
reduction in the cesium levels of the uranium products and hence, the radiation levels, since 
cesium is present as a distillable chloride species.  The basis for the pre-distillation salt removal
tests has been demonstrated previously [9].  Although the investigation was with salt only and 
not dendritic material, salt removals of 73% at 773 K and 94% at 873 K were realized.

Two tests were performed with dendritic material loaded into a screened bucket in the FCF 
cathode processor to demonstrate the feasibility of salt draining.  The screen material was 100 
mesh welded to the bottom of the bucket supported by a plate with 0.64 cm diameter holes.
Following each test, the consolidated dendrites were removed from the bucket and loaded into a 
normal cathode processor crucible for distillation of the remaining salt.

For the first test, approximately 7.3 kg of dendritic material from the Mk-IV electrorefiner was 
loaded into the bucket and heated to 873, 973, and 1073 K for 1 hour during three separate salt 
draining heats in the cathode processor.  In between the heats, weight measurements were taken 
on the bucket to assess the amount of salt draining.  The bucket was placed on a graphite ring 
which resided on the graphite crucible stand in the lower region of the cathode processor coil.  
Shown in Figure 4 are photographs of the bucket prior to the 873 K run and following the 1073 
K run.  Note the consolidation of the dendrites between the three runs.  For the three runs, 428 g, 
51 g, and 90 g of salt were removed per run, respectively.  An additional 373 g of salt was 
removed during a final distillation run to 1473 K in a separate crucible for a total of 942 g of salt.
Thus, the amount of salt removed by salt draining was approximately 44% by weight of the total.

(a) (b)

Figure 4.  Photographs of first salt draining test before 873 K (a) and after 1073 K (b)

For the second test, approximately 7.2 kg of dendritic material from the Mk-IV electrorefiner 
was loaded into a new second bucket and heated to 1073 K for 1 hour in the cathode processor.  
After the run, a weight measurement was taken on the bucket to assess the amount of salt 
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draining.  For this test, the bucket was placed inside a graphite crucible which placed the bucket 
in the upper region of the cathode processor coil.  The consolidation of the dendrites was noted 
as similar to the previous test.  For the run, 581 g of salt was removed from the bucket and 
collected in the bottom of the graphite crucible. An additional 750 g of salt was removed during 
the final distillation run in a separate crucible for a total of 1331 g of salt. Thus, salt draining 
removed approximately 60% of the total salt.  Although the casting operations for the two salt 
draining tests have not yet been performed, it is anticipated that with a reduction of salt between 
44-60% that the plutonium levels would be reduced similarly. Future salt draining tests will
extend the hold times and maximize dendrite/screen contact area in an effort to improve salt 
removal.

Conclusions

Based on the radiation readings taken on the casting ingots, increasing the cathode 
processing operating temperature resulted in reduced radiation levels.

Although testing to reduce the radiation levels of uranium products continues, adjustment 
of the cathode processor operating conditions has had more of an effect than on the 
casting conditions.

Radiation readings of uranium products in their storage containers appear to be dependent 
on the bulk Cs-137 levels in the product ingots.

Salt removals as high as 60% by a draining operation should result in a significant 
improvement in the transuranic levels of the uranium products.
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Abstract 

A zero-direct-carbon-emission solid oxide membrane (SOM) electrolysis process was designed 
and developed to produce high purity aluminum metal. An inert anode assembly containing liquid 
silver in a one-end-closed YSZ (yttria-stabilized zirconia) membrane tube and LSM 
(La0.8Sr0.2MnO3-δ)-Inconel inert anode current collector was immersed in an alumina containing 
molten fluoride flux. A proof-of-concept electrolysis experiment was performed to confirm the 
aluminum production by depositing liquid aluminum directly on a TiB2 cathode. An improved 
setup employing liquid aluminum cathode was subsequently used to produce high purity aluminum 
using the SOM electrolysis process. The membrane stability was confirmed using scanning 
electron microscopy and energy-dispersive X-ray spectroscopy. High purity aluminum (>99wt%) 
was produced and collected after the electrolysis.

Introduction 

Aluminum is the third most abundant element in the earth’s crust, and the most abundant metallic 
element. It is an essential material in modern manufacturing. It is known for its low density, high 
strength, corrosion resistance and high electrical and thermal conductivities. It has been the second 
largest used industrial metal for the past fifty years. Demand for aluminum production is increasing 
in recent years, mainly due to the substitution of aluminum  in the transportation sector and other 
lightweight structural applications[1]. 

The production process of aluminum was invented in 1886 by Charles Martin Hall and Paul L.T. 
Héroult (i.e. the Hall-Héroult process) by electrolyzing a cryolite-alumina melt. While the Hall-
Héroult process has been significantly improved during the past 100 years, resulting in cheaper 
aluminum and lesser energy consumption, the current energy consumption in primary aluminum 
production is still 13kWh/kg of aluminum while the theoretical minimum energy requirement of 
the process is 5.99kWh/kg[2]. The anode effects of the process results in perfluorocarbon 
emissions that has a global warming potential 6500 – 9200 times that of CO2. Use of graphite 
anode in the current process also causes 1.52kg CO2 emission per kg of Al produced (excluding 
CO2 emission introduced by electricity consumption) [2]. The market potential of aluminum and 
the environmental impact of the current aluminum production process justify research and 
development of alternative electrolytic processes for aluminum production that can both reduce 
the cost and eliminate adverse environment impacts. 
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Solid oxide membrane (SOM) electrolysis is a novel metals extraction technique that is being 
developed for the production of several energy-intensive metals, such as Mg, Ti, Ta, Yb and Si[3]–
[11]. The SOM electrolysis process features the utilization of an oxygen-ion-conducting 
membrane, typically made of yttria-stabilized zirconia (YSZ), for directly electrolyzing metal 
oxides. The desired metal oxide is dissolved in a pre-selected non-consumable molten flux. The 
YSZ membrane separates an inert anode from the molten flux and a cathode. When applied DC 
potential between the anode and the cathode exceeds the dissociation potential of the desired metal 
oxide, the metal is reduced at the cathode and oxygen ions migrate through the YSZ membrane 
and are oxidized at the anode. A novel LSM (La0.8Sr0.2MnO3- δ)-Inconel inert anode current 
collector and liquid silver anode are used in SOM electrolysis process for oxygen evolution[5].
Thus, the process also produces pure oxygen gas as a value-added byproduct[7]. 

In this paper, a novel laboratory-scale process for aluminum production using SOM based 
electrolysis is presented. Aluminum oxide dissolved in a pre-selected molten fluoride flux, which 
is chemically compatible with the YSZ membrane, was reduced in a SOM cell at 1200 . By 
employing the YSZ membrane based inert-anode assembly, this process produces and collects 
pure aluminum and oxygen separately. By removing the carbon anode and its manufacture, the 
direct emission of CO2 and other greenhouse gases are eliminated. The process enables the use of 
an insulated, corrosion-free lined steel vessel without frozen salt ledge and thus significantly 
reduces the heat loss and increases the energy efficiency. The electrochemistry of the process was 
monitored. The aluminum that was produced in the process was characterized by scanning electron 
microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS). The YSZ membrane 
stability during the electrolysis was also studied in order to provide insights for long term 
aluminum production. 

Experimental 

A. SOM Electrolysis Setup 

Figure 1 shows the schematic of a SOM electrolysis setup. The setup consists of a grade 304 
stainless steel (SS-304) crucible that was heated to 1200˚C in forming gas (95% Argon-5%H2) to 
ensure an inert atmosphere. Inside the crucible, 450g of powdered flux (45 wt% MgF2 – 55 wt% 
CaF2 containing CaO, Al2O3 and YF3) was used to form the molten electrolyte. 45 wt% MgF2 –
55 wt% CaF2 is a eutectic composition having a melting temperature of 974 [12]. YF3 was added 
to prevent yttrium depletion from the YSZ membrane and increase the membrane stability[13], 
[14]. A one-end-closed 6 mol% YSZ membrane tube separated the flux from 44g of liquid silver 
enclosed inside the YSZ tube. An LSM-Inconel inert anode current collector was disposed in the 
YSZ tube and was submerged in the liquid silver anode. The structure of the anode assembly is 
described in previous research where it was successfully used in Mg-SOM electrolysis cell[5], [7]. 
An Al2O3 dielectric tube served as a cathode separator as well as a source of Al2O3. Because liquid 
aluminum is less dense than the molten flux, the aluminum produced in the electrolysis would float 
on top of the molten flux and be confined within the dielectric tube. This prevents the aluminum 
from spreading on the surface of the flux and shorting the cell. The Al2O3 dielectric tube was 
inserted in a stainless steel support welded to the bottom of the stainless steel crucible. The 
stainless steel support had multiple opening at the side to allow flux to go through the support and 
contact with the cathode. The powdered flux was pre-melted in the stainless steel crucible with the 
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Al2O3 tube inserted in the stainless steel support prior to the electrolysis. 2.30g of aluminum shots 
were added through the Al2O3 tube to form a liquid aluminum pool when melted. The liquid 
aluminum pool served as the cathode. The cathode current collector consisted of a stainless steel 
crucible welded to a stainless steel rod. The crucible contained a layer of liquid silver that formed 
a liquid contact with a piece of TiB2, which is a conductive ceramic that wets but does not alloy 
with liquid aluminum pool. The liquid silver layer ensured that the contact resistance between the 
stainless steel crucible and the TiB2 piece was minimized. A boron nitride cover supported by an 
alumina pin was tightly fit on the TiB2 bar to prevent aluminum from climbing up the TiB2 bar. 
During the electrolysis, the TiB2 cathode current collector was inserted in the liquid aluminum but 
stayed above the molten flux (see the detailed cathode design in Figure 1). Two stainless steel 
reference electrodes were inserted in the molten flux to monitor the electrochemical behavior of 
the flux during the electrolysis. The two reference electrodes were electrically isolated by two 
alumina tubes. One of the alumina tubes also served as a gas stirring tube. To facilitate chemical 
homogeneity in the molten flux during the experiment, forming gas was passed through the stirring 
tube at 20 cm3/min. Forming gas was also purged in the reaction chamber at a rate of 1000 cm3/min 
during the experiment to ensure the SOM cell was in an inert environment. 

A proof-of-concept electrolysis experiment using a slightly different setup was performed in order 
to demonstrate the feasibility of producing aluminum by SOM electrolysis. The proof-of-concept 
electrolysis setup had no aluminum shots added in the cathode alumina dielectric tube prior to the 
electrolysis. The alumina was reduced directly at the TiB2 cathode, which was inserted in the 
molten flux. Such an experimental setup confirmed that all the aluminum collected near the 
cathode was produced due to the dissociation of aluminum oxide.

Figure 1: Experiment setup of SOM electrolysis 
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B. Chemicals and Materials 
 
Magnesium fluoride hydrate (MgF2·xH2O, min. 87% MgF2), calcium fluoride (99.5%), calcium 
oxide (reagent grade), aluminum oxide (99%), yttrium (III) fluoride (99.9%) and aluminum shots 
(99.5%) were supplied by Alfa Aesar (Ward Hill, MA). The powders were dried for 4 hours at 
400  to remove moisture and crystallized water. The powders were dry mixed in a ball mill 
overnight according to the flux stoichiometry. The closed one end YSZ tube (6 mol% Y2O3, 
1.90cm o.d., 1.27cm i.d., 60.96cm length) was supplied by McDanel (Beaver Falls, PA). The 
alumina stirring tubes and the cathode alumina sleeve were supplied by CoorsTek (Golden, CO). 
The forming gas was supplied by Airgas (Billerica, MA). The boron nitride cover was machined 
from a boron nitride plate supplied by Saint-Gobain (Malvern, PA). The titanium diboride was 
provided by Infinium Inc. (Natick, MA) and machined by wire-cut electrical discharge machining 
(EDM) to the desired shape. 
 
C. Electrochemical Characterization of Electrolysis Process  
 
The electrochemical characterization of the SOM cell was performed between the LSM-Inconel 
inert anode current collector and the stainless steel rod cathode current collector. When an applied 
DC potential exceeded the dissociation potential of Al2O3, Al was produced at the cathode, and O2 
evolved at the liquid silver anode. The overall cell reaction is shown as 
 

Al2O3 = 2Al(l) + 3/2O2(g)                                                  (1) 
 
Potentiodynamic scans (5 mV/s) were performed to determine the dissociation potential of Al2O3 
and to identify impurity cations dissociation. The potentiodynamic scans were performed using a 
Solartron SI 1280B electrochemical measurement system. Electrolysis runs were performed by 
applying a constant DC potential which exceeds the dissociation potential of Al2O3 between the 
cathode and the anode. The electrolysis runs were performed using an Agilent Technologies 
N5743A power source. The anode exit gas (oxygen) during the electrolysis passed through a FMA-
4305 digital flow meter (OMEGA Engineering) that measures its flow rate. 
 
The electronic transference number of the flux was measured using the two stainless steel reference 
electrodes. Previous work has shown that the dissolution of metallic species in the fluoride flux 
decreases the SOM electrolysis current efficiency and provides a pathway for the applied potential 
to reduce the ZrO2 at the outer surface of the YSZ membrane[15], [16]. It is therefore important to 
monitor the electronic current by measuring the electronic transference number during the 
electrolysis. The electronic and ionic resistances of the flux can be modeled by two resistors in 
parallel. Therefore, the relationship between the total ohmic resistance (RT(flux)), the ohmic 
electronic resistance (Re(flux)), and the ohmic ionic resistance (Ri(flux)) of the flux can be expressed 
by the relation 
 

                                                       (2)  

 
Electrochemical impedance spectroscopy (EIS) scans were performed between the two reference 
electrodes to determine RT(flux). The EIS scans were performed using a Princeton Applied research 
263A potentiostat and a Solartron 1250 frequency response analyzer. The EIS scans were from 
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20000 to 1 Hz with 20mV amplitude. RT(flux) was obtained from the value of the high-frequency 
intercept on the real axis of the Nyquist plot [17], [18]. The ohmic electronic resistance, Re(flux),
was determined by performing a potentiostatic hold between the two reference electrodes with a 
constant small electric potential (~0.1V). Re(flux) was calculated by dividing the applied potential 
by the measured current. Ri(flux) was calculated from RT(flux) and Re(flux) according to Eq.(2). In the 
flux system, the electronic transference number te(flux) is the ratio of the electronic conductivity to 
the total conductivity as shown in Eq. (3), where σe is the electronic conductivity, and σtot is the 
total conductivity.  

                                                                (3) 

The electronic conductivity is proportional to the inverse of electronic resistance, and the ionic 
conductivity is proportional to the inverse of ionic resistance; the cell constant does not change 
during the experiment, therefore the electronic transference number te(flux) can be calculated using 
the following equations [19]: 

                                                        (4) 

                                                         (5) 

D. Post-experimental Characterization 

After the SOM electrolysis experiment, the setup was disassembled for detailed analysis. A piece 
of flux sample near the cathode containing the aluminum product and a piece of YSZ membrane 
were mounted in epoxy, polished, spray coated with carbon, and then characterized using a Zeiss 
supra 55VP field emission SEM. The purity of the aluminum was measured by EDS quantitative 
spectra analysis. The yttrium and zirconium content in the YSZ membrane were measured by EDS 
line scan to assess membrane stability after the electrolysis.  

Results 
A. Proof-of-concept Electrolysis Results 

The proof-of-concept electrolysis was performed with an applied DC potential of 2.75V between 
the liquid silver anode and the TiB2 cathode for 24 hours. The electrolysis was stopped and the 
current-potential relationship is characterized by a potentiodynamic scan between the anode and 
the cathode shown in Figure 2. The negative current seen in the potentiodynamic scan prior to 
alumina dissociation is due to reverse reaction of the electrolysis process, This is because the 
cathodic chamber after electrolysis has a lower O2 chemical potential (due to the presence of 
aluminum) compared with the anodic chamber (O2 environment).  Thus the negative current prior 
to alumina dissociation is due to high aluminum activity at the cathode. The only dissociation 
potential identified from the potentiodynamic scan was at 2.10V which appears to correspond to 
the Nernst potential (2.08V) for the reaction Al2O3 = 2Al(l) + 3/2O2(g) at 1200ºC. This indicates 
that all impurity cations were dissociated during the first electrolysis. The leakage electronic 
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current before alumina dissociation was negligible, indicating that the flux was primarily ionic. 
Subsequently, electrolysis with an applied potential of 2.75V for 3 hours were performed.  

Figure 2: Potentiodynamic scan (5mV/s) after 1st electrolysis 
After SOM electrolysis, aluminum was found inside the cathode alumina sleeve as shown in Figure 
3. EDS quantitative analysis showed that the product was primarily Al-Mg alloy with 94wt% Al. 
MgO activity in the flux is due to the presence of Mg2+ and O2-, and its reduction results in the 
observed Mg in the aluminum produced.  

Figure 3: SEM image of aluminum metal produced in the proof-of-concept electrolysis 

Figure 4 shows the SEM image and the EDS line scan of the YSZ membrane after the electrolysis. 
It is shown from the line scan that the flux did not attack the YSZ membrane during the electrolysis. 
The yttrium and zirconium content was uniform along the YSZ membrane. The ratio of yttrium 
and zirconium was similar to as received YSZ membrane. It is confirmed that the YSZ membrane 
was chemically and electrochemically stable after 28 hours of electrolysis.
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Figure 4: SEM image and EDS line scan of YSZ membrane after electrolysis. (a) Element 
analysis of EDS line scan. (b) Quantitative element analysis of atomic percentage of Y and Zr 

B. Electrochemical Characterization of the Electrolysis Process 

The SOM electrolysis was performed with the experimental setup shown in Figure 1 employing 
the liquid aluminum cathode. A PDS was conducted between the inert anode current collector and 
the stainless steel current collector prior to the electrolysis, and the current-potential relationship 
is shown in Figure 5. The dissociation potential of the impurity oxides and Al2O3 were identified 
to be approximately 1.5V and 2.1V, respectively. The leakage current caused by the dissociation 
of impurity oxides was approximately 0.1A. A pre-electrolysis at the potential of 2V (less than the 
dissociation potential of Al2O3) was performed to dissociate the impurity oxides and reduce the 
leakage current. After 1 hour of pre-electrolysis, another PDS was conducted between the inert 
anode current collector and the stainless steel current collector. The current-potential relationship 
is also shown in Figure 5. The dissociation potential of Al2O3 was identified to be approximately 
2.1V. Negligible leakage current indicates that there was no electronic current passing through the 
flux. 

Figure 5: Potentiodynamic scans (5mV/s) showing the current-potential relationship before pre-
electrolysis and after pre-electrolysis 
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C. SOM Electrolysis 

After pre-electrolysis hold and scans, the setup was subjected to three electrolytic holds. The first 
electrolysis was performed at 3.5V for 2 hours; the second at 4V for 0.5 hours, and the third at 
4.3V for 22 hours (see Figure 6). Total charge passed through the cell was 31254.75C, 
corresponding to production of 2.91g of aluminum assuming 100% current efficiency.  

Figure 6: Current-time relationship of the three SOM electrolysis 
D. Electronic Transference Number of the Flux 

Before the first electrolysis, and immediately after the pre-electrolysis and 1st electrolysis, the 
electronic transference number using the stainless steel reference electrodes were measured. Table 
I shows the measured resistances and the electronic transference number of the flux. It is seen that 
the electronic transference number was low and did not increase during electrolysis. This indicates 
that the flux was primarily ionic during electrolysis, and the electronic conductivity of the flux did 
not change due to dissolution of the metal.

Table I: The Measured Resistances and the Electronic Transference Number of the Flux 
Measurement RT(flux) (Ω) Re(flux) (Ω) Ri(flux) (Ω) te(flux)

Initial 0.780 18.186 0.815 0.043
After pre-electrolysis 0.320 11.120 0.329 0.029
After 1st electrolysis 0.284 16.046 0.289 0.018

E. Post-experimental Characterization 

The furnace was cooled after the SOM electrolysis experiment, and the setup was disassembled. 
The aluminum was mounted in epoxy, polished and characterized with EDS. Figure 7 shows the 
cross-section of the aluminum produced during electrolysis and the EDS spectra of the cross-
section. Quantitative analysis of the EDS spectra shows the purity of Al was >99wt% with less 
than 1wt% Mg impurity. The liquid aluminum cathode is always in contact with the alumina 
dielectric tube, therefore the alumina activity at the cathode interface is high. This is expected to 
lower the cathodic polarization, and MgO reduction. Employing the liquid aluminum cathode also 
allows any Mg metal reduced during electrolysis to evaporate from the surface of the liquid 
aluminum. Thus the amount Mg impurity in the Al product was significantly reduced. However, 
the Mg that evaporated from the cathode was small and could have oxidized, making its detection 
difficult after electrolysis.
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Figure 7: The cross-section of the Al collected near the cathode (left) and its EDS spectra (right) 

 
Conclusions 

 
Aluminum has been produced by electrolyzing aluminum oxide dissolved in pre-selected molten 
fluoride flux using SOM electrolysis process. The flux system (eutectic MgF2 – CaF2 containing 
CaO, Al2O3 and YF3) was used in the electrolysis process at 1200 . The dissociation potential of 
aluminum oxide was identified to be around 2.1V. The production of aluminum was confirmed by 
a proof-of-concept electrolysis experiment. The YSZ membrane was stable after the electrolysis. 
By employing a liquid aluminum cathode, the aluminum produced in the process was with high 
purity (>99wt%). The electronic transference number of the flux remained small and did not 
increase during electrolysis indicating no metal dissolution occurred in the flux.  
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Abstract 

The length of aluminium electrolysis cells have constantly increased over the last decades. The 
drive to increase productivity resulted in the need to feed and dissolve more alumina in less 
electrolyte. There is mounting evidence that these two trends are pushing the electrolysis cells 
above their capability to maintain alumina concentration, through time and space, at levels 
preventing both conventional and non-propagating anode effects. Alumina concentration 
gradient measurements were performed within large industrial cells and showed that large 
gradients occurred between locations in cells. 

Introduction 

Aluminium is produced industrially by electrolytic reduction of alumina dissolved in a cryolite-
based molten salt. The alumina concentration must be replenished as aluminium is produced to 
prevent reduction of other species present in the electrolyte. Failure to replenish and distribute 
dissolved alumina throughout the electrolysis cell results in an Anode Effect (AE), a 
phenomenon where other bath species are electrolyzed instead of alumina when polarisation 
increases local potential above other species decomposition potential. 

Aluminium reduction cells production is proportional to their operating amperage, which has 
constantly increased over decades with each design iterations. This is generally done in 
conjunction with lengthening of the cells. For example, Kaiser’s P69, a cell design from the 
1970s, operated at 160kA contained 18 anodes and is less than 9 meters long. Comparatively, a 
modern 300-500kA design can have up to 48 anodes over a cell length of 18 meters. 

Alumina is replenished in modern designs using point feeders in small batches of 1.0 to 5.0 kg 
[1]. As the cell length is increased, more point feeders are used. However, where 3 point feeders 
were used in the 1980s in cells operating between 180 to 220 kA, recent designs have up to 6
feeders at over 500kA. The specific electrolyte mass available for dissolution has also decreased 
significantly, passing from 30 kg/kA to 12 kg/kA [2]. The length of cells coupled with lower 
electrolyte available for dissolution can therefore lead to lack of alumina concentration control, 
both in space and time. 
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This paper will present an alumina concentration gradient measurement campaign in a modern 
large cell design. A discussion on factors affecting the gradients observed, their impact on 
process performance and actions required to control the gradients is also presented. 
 

Background 
 
Concentration gradient in aluminum cells was numerically simulated by Feng et. al. Their 
findings suggest that dissolved alumina is distributed reasonably fast locally but can take an 
order of magnitude longer to equalise throughout the cell [3]. Feng et al. also found that 
dissolved alumina is distributed mostly through turbulent bath flow [4] whilst von Kaenel et al. 
predicted a small impact from megnetohydrodynamics-induced flow in the electrolyte [5] 
Inferring from physical modelling, Walker et al. found that the number and placement of point 
feeders can be optimized to control dissolution and distribution spatially around each point 
feeder but concluded that acceptable concentration gradients should exist, even if only one point 
feeder would be operational (out of 2) [1]. These studies were carried out in simulations of 
relatively small cells – less than 200kA. 
 
However, even following these guidelines, concentration gradients appear to be difficult to 
control in large cells, inducing operational issues such as local anode effects. Moxnes et al. found 
that adjusting the feed rates depending on electrolyte velocity at each of the 5 point feeding 
locations of a large cell led to improved cell performance, possibly because of better 
concentration control throughout the cell [6]. 
 
Recently, several observations challenging findings from numerical simulations were made in 
large cells, where sudden increases in resistance have often been observed [7, 8]. These are 
Anode Effects occurring at a much lower voltage than traditionally accepted. The mechanisms of 
these localised, non-propagating anode effects has been investigated by Wong et al. [8]. 
Essentially, the alumina concentration under a very limited number of anodes is low enough to 
trigger local anode effect. The Anode Effect does not propagate as the rest of the cell has 
sufficient alumina concentration and in larger cells, the higher number of anodes connected in 
parallel, can better share the additional current preventing excessive overvoltage that would 
propagate the Anode Effect. 
 
A measurement campaign was undertaken to measure alumina concentration across several 
locations in large reduction cells in order to verify this hypothesis; to assess whether localised 
zones with low alumina concentration were present and attempt to understand the causes. 
 
 

Measuring Concentration Gradient 
 
A modern aluminium reduction cell technology operated at multiple locations was selected for 
this study. The cell is greater than 18m long, has 48 anodes and 6 point feeders. Since 
implementation of the technology the cells have experienced a very high anode effect frequency, 
mostly low voltage non-propagating anodes effects of short durations that self-terminate. 
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The purpose of this campaign was to measure the alumina concentration gradient throughout the 
cell during all phases of the feed cycle. Feed cycles are necessary to control alumina 
concentration in a desirable window. In the present case, the feeding strategy consists in cycling 
between 3 feed phases: 
 

1. Nominal feed, a fixed time feed rate close to the theoretical demand. 
2. Underfeed, a feed rate lower than theoretical demand resulting in gradual decrease of the 

alumina concentration. Underfeed continues until a pre-determined increased in cell 
resistance is achieved. 

3. Overfeed, a fixed time phase where the feed rate is higher than theoretical demand, 
aiming at replenishing the concentration to a fixed point. 

 
Similar to a previous study by Kvande et al. [9], electrolyte samples were obtained periodically 
by simultaneously flash freezing electrolyte on steel rods at 12 locations around the cell, as 
shown on Figure 1. The sampling frequency was designed to capture the start of each feed phase, 
with a few more samples taken during the phase depending on its length. 
 

 
Figure 1. Alumina concentration sampling locations 

 
Each sample was analysed on-site by XRD using a Panalytical Cubix Pro with standard 
calibration procedure, analysing alumina by scanning intensity peaks at 2θ angles of 35.1 and 
45.0. Select random split samples were also returned to the University of Auckland and analysed 
with a LECO R_ O416DR oxygen analyser for validation. As shown on Figure 2, the split 
samples showed good correlation, although the XRD tended to underestimate the concentration 
by 0.24%. 

 
Figure 2. Comparison of alumina concentration of split samples measured by XRD and LECO 

oxygen analyzer  
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Electrolyte temperature measurement was also carried out in one of the feeder hole using a Type-
K thermocouple paired with a portable data logger Omegaette HH306 at a measurement 
frequency of 1 Hz. 
 

Results and Discussion 
 
Figure 3 displays the average alumina concentration during the feed cycles in two cells. 
Concentration (wt. %) is showed in blue on the left axis while the time between feed is showed 
in red on the right axis. Mass balance calculations showed that the increase in alumina 
concentration during the overfeed period should be 0.31% for cell A and 0.58% for cell B. 
However, the average concentration only increased by 0.11% and 0.39% respectively. This 
clearly demonstrates that the alumina fed to the cell is not being completely dissolved during the 
overfeed phase. 
 

 
Figure 3. Average alumina concentrations through different feed phases on two cells. 

 
The thermal response to feed recorded in a feeder hole of cell B is shown on Figure 4. As can be 
seen, the local electrolyte temperature goes through a deep depression as the alumina dose is 
delivered to the electrolyte but recovers quickly. This should result in a rapid dissolution, at least 
for this feeder location. However, this was not the case. Examining the concentration evolution 
at specific locations on Figure 5 reveals two critical issues. Firstly, the concentration varies 
largely depending on the location. Secondly, the concentration gradient varies temporally with 
only specific positions experiencing significant increase in concentration during the overfeed 
period. The trend is that the concentration gradient increases during overfeed, while the 
underfeed period tends to equalises the concentration throughout the cell. It appears the alumina 
is only dissolved in parts of the cell during overfeed and then is distributed slowly to parts of the 
cell where alumina fed could not be dissolved. This is consistent to the conclusions of Feng et 
al., who predicted rapid local mixing but much slower global distribution. 
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Figure 4 Thermal response in a feeder hole of Cell B. Clear depressions in temperature are 

observed directly after the alumina feed mass is delivered to the electrolyte. The depressions are 
followed by a relatively quick recovery. 

 

 
Figure 5. Local alumina concentration temporal variation. The variation is significantly larger at 
the sampling locations close to the open feeder hole (left). The locations close to a feeder hole 

operating a “push feed” (right) stay relatively low in alumina concentration, especially during the 
overfeed phase where a significant increase is expected. 

 
Another interesting observation was that the concentration evolution around a primary feeder 
that operated open seems to follow the metal flow pattern under the electrolyte in that part of the 
cell (Figure 6). Although the turbulent bath flow could still be a driver for mixing [Feng LM10], 
this suggests that metal pad flow could also play a significant part in distributing the dissolved 
alumina spatially. 
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Figure 6. Concentration at end of overfeed and metal pad flow pattern around the open feeder 

hole (grey circular arrow). The direction of electrical current denotes cell to cell current flow in 
the bus bar. Current flow in the cell itself is vertical between the anode beam (all anodes in 

parallel) and the metal pad, which is the cathode. 
 
Generally, the following observations were made and are discussed below: 
 

� Contrary to findings of numerical simulations, there are significant alumina concentration 
gradients throughout the cell. 

� The gradients vary temporally, with different feed phases. 
� The gradient increases during overfeed period, possibly in areas where dissolution 

conditions are more favourable either because of open feeder holes, higher local 
superheat or higher turbulent bath flow. The effect of the open feeder hole was observed 
and seemed to be a significant driver, although the other factors were not measured 
during this study. 

� The gradient decreases during underfeed as the alumina is being distributed more widely 
through turbulent bath flow, but also metal pad circulation. 

 
Concentration gradients increase during overfeed and decrease during underfeed. The quantum 
of increase during overfeed is only a fraction of what it should be but is as expected in some 
locations. This is highlighted by the fact that zones with low concentration remained low during 
the trial. It suggests that some feeder locations experience difficulty either in delivery of the 
alumina to the hole, or with dissolution. 
 
The condition of each feeder hole during the experiment appeared to have a significant impact. 
The zones adjacent to the open feeder holes were the ones with highest increase of concentration 
during overfeed whilst the zones adjacent to feeders operating a “push feed” were the ones 
staying lean. Superposing the metal pad circulation patterns to the concentration also lead to an 
interesting observation. It appears that the concentration decreased as the sampling point position 
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got further from the feeder hole, following the metal pad circulation pattern. This departs from 
Feng’s model predictions but confirm von Kaenel’s simulations. 
 
It seems that maintaining open feeder hole is the best way to achieve adequate dissolution. In 
other to avoid Anode Effects, including low voltage, non-propagating AEs, the bulk 
concentration must high enough to ensure alumina has time to be distributed throughout the cell, 
especially towards the end of underfeed and the start of overfeed. 
 
 

Conclusions and Future Work 
 
Concentration gradient were found to be significant, enough to cause localized effects such as 
low voltage, non-propagating anode effects. 
The feeder hole conditions appear to influence the concentration and gradients evolution 
significantly. 
The metal pad circulation also appears to influence the concentration gradient. 
This suggest that feeder location and control of the hole condition are important to proper 
dissolution and dispersion control. Since the feeder hole conditions were not continuously 
monitored throughout the experiment but only at the beginning, repeating the experiment with 
continuous monitoring of the feeder hole should confirm the findings. 
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Abstract 

In aluminum production, the electrolyte is a molten fluorides mixture typically around 1000°C. 
In order to have a better understanding of the industrial process, it is necessary to have a model 
which will describe the molten salts on a wide range of compositions and temperatures, to 
accurately cover all the combinations that may be encountered in an operating electrolysis vessel.
The aim of this study is to describe the speciation in the electrolyte in terms of anionic species in 
the bulk materials far from electrodes. To determine the speciation in situ at high temperature in 
the absence of an electrical field, we develop an original approach combining experimental 
methods such as Nuclear Magnetic Resonance spectroscopy (NMR) at high temperature with 
Molecular Dynamics (MD) simulation coupled with first principle calculations based on Density 
Functional Theory (DFT). This approach allows the calculation of NMR parameters and the 
comparison with the experimental ones.  It will be provide an additional validation and constraint 
of the model used for MD. We test this approach on the model NaF-AlF3 system. 

Introduction 

In Hall-Héroult electrolytic process used for aluminum production, the industrial electrolyte is 
mainly composed of a mixture of NaF, AlF3 and Al2O3 for an operating temperature around 
1000°C [1]. Due to its industrial interest, several studies have been made in order to improve the 
process, in particular around the electrolyte composition in order to lower the temperature and 
thus to minimize the operating costs. An important point necessary to improve the process is to 
know the structure of the molten salt used as an electrolyte. 
Under the high temperature conditions, these electrolytes are corrosive and difficult to handle,
making any experimental measurement particularly challenging. In situ Raman [4] or NMR [2,3]
spectroscopies at high temperature in NaF-AlF3 melts have succeeded in identifying and 
quantifying the anions present in the electrolyte, i.e. free F-, as well as different aluminum-
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bearing fluorinated species, AlF6
3-, AlF5

2-, AlF4
-. Some questions still remain, however, 

regarding their nature, the evolution of their relative amounts with temperature and their lifetime. 
To further extend our understanding of such systems, it is necessary to develop in parallel 
numeric tools that are capable of simulating the liquid phase. To fulfill these objectives, we 
propose to focus on the description of the speciation in NaF-AlF3 melts, using an original 
approach combining in situ NMR measurements at high temperature with simulation by 
molecular dynamics (MD) coupled with "first principle" calculations of NMR chemical shifts at 
the density functional level of theory (DFT). For molecular dynamics simulations we use the Ion 
Polarizable Model (PIM) which was initially developed by Madden and Wilson [5, 6]. This force 
field, specifically designed for the description of ionic liquids, is based on an interatomic 
potential containing four interactions: the electrostatic interaction between two formal charges, 
the overlap repulsion component, the dispersion component and the polarization, with 
parameters typically obtained by force-fitting to ab initio electronic structure calculations. The 
result of MD simulations gives the ion trajectories of each ion along the simulation time, which 
may then be analyzed to calculate several important macroscopic and molecular-level properties 
such as viscosity, conductivity, the radial distribution functions of each atomic pair and the 
coordination states of the aluminum. 
The interatomic potential is ultimately validated with a combination of MD and DFT calculation 
to obtain the NMR chemical shifts of each nucleus in the NaF-AlF3 system at a given 
temperature. The calculated parameters are thus compared with the experimental values and 
allow us to go further in the description of such melts.  
The NMR measurements were done using the laser heating NMR setup developed in Orleans in 
the system NaF-AlF3, for each nucleus (23Na, 19F and 27Al) at different temperatures and 
compositions. In these melts, at high temperature, the spectrum obtained for all the observed 
nuclei, is a single, narrow line, characterized by its position: the chemical shift. Because of the 
rapid exchange existing between the different local environments around the observed nucleus, 
the chemical shift measured is the average of the chemical shifts of each individual anionic 
species, weighted by their respective atomic fraction.  
Some computational simulations have been published for some compositions in the NaF-AlF3 
system corresponding to the cryolite (Na3AlF6), chiolite (Na5Al3F14) and NaAlF4 [7, 8].  In this 
work, the challenge was to build an interatomic potential valid for a wide range of NaF-AlF3 
compositions at high temperature. 
 

Experimental 
 
NMR experiments 
 
Different NaF-AlF3 compositions have been prepared with 0 to 50 mol% of AlF3. The different 
mixtures were introduced in a glove box, in a high purity boron nitride crucible tightly closed by 
a screw cap. The NMR experiments were carried out using a Bruker DSX 400 NMR 
spectrometer operating at 9.4T. The laser heating NMR setup has been described in details in 
previous publications [2, 9, 10]. Two CO2 laser   (λ= 10.6μm, 250 W) heat directly the top and 
the bottom of the crucible and allow heating up to 1500°C. The crucibles are protected from 
oxidation at high temperature by a continuous argon flow. The electronics and the radio 
frequency coil are cooled by an air flow at room temperature and protected by a zirconia thermal 
shield. The chemical shifts of all nuclei (27Al, 23Na, 19F) are referenced to 1M aqueous solutions 
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Al(NO3)3, NaCl, CFCl3, respectively. The spectra acquisition starts 5 minutes after reaching the 
desired temperature to insure thermal equilibrium and the three nuclei are observed sequentially. 
 
Molecular Dynamics 
Molecular dynamics is based on the resolution of the equation of motion for each particle 
interacting with its neighbors. It is therefore necessary to know the forces involved in the system 
to integrate this equation over time.We use the polarizable ion model [5, 6] (PIM) where the 
interatomic potential (VTotal) is a pairwise sum of four interactions: charge, dispersion, repulsion 
and polarization.  
 

VTotal = Vcharge + Vdispersion + Vrepulsion + Vpolarisation                                                     (1) 
 

The parameters involved in such interaction potential were obtained by force matching with ab 
initio calculations. These calculations were performed using a plane wave electronic structure 
code, the Vienna Ab initio simulation package (VASP) and projector augmented wave (PAW-
PBE) pseudopotential was used. The target function involves the forces and dipoles of each ion, 
along with the stress of each configuration. Several cubic boxes were prepared representing the 
full range compositions up to 50 mol% of AlF3 in the NaF-AlF3 system. 
MD simulations were performed for a cubic box of length approximately of 15.4�Å with nearly 
200 atoms. For all simulations, the systems were equilibrated constant temperature and fixed 
pressure at 0 GPa (NPT ensemble) and the lengths of the cubic box were obtained. The Nosé-
Hoover thermostat algorithm was used [11]. Atoms trajectories were obtained at constant 
temperature and volume (NVT ensemble) for 1ns. Then a statistical analysis of the given 
trajectories provides access to different physical properties. 
 
Functional theory of density 
Density functional theory (DFT) is a computational quantum mechanical method used to 
investigate the electronic structure of a system. To calculate the NMR chemical shifts, using 
DFT calculations, snapshots of the MD simulations are extracted at different times (sufficiently 
far apart to avoid correlation), and used without further optimization to calculate electronic 
properties with the CASTEP code [12, 13], which is based on DFT with a plane-wave basis set 
and pseudopotentials. The generalized gradient approximation (GGA) was used with the 
exchange-correlation functional of Perdew, Burke and Ernzerhof (PBE), a cutoff energy of 610 
eV and a 1×1×1 Monkhorst-Pack [14] grid of k-points (yielding NMR shielding converged 
within 1 ppm or less). Chemical shift are referenced on the basis of series of calculations 
conducted on simple crystalline systems [15]. 

 
Results 

 
Simulations and NMR experience were done 20°C above the melting point for the different   
NaF-AlF3 compositions. Molecular dynamics reproduce the ionic motion for the system NaF-
AlF3 making it possible to identify, quantify, and track the different ionic species present: AlF6

3-, 
AlF5

2-, AlF4
- and free F-, (figure 1).  
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Figure 1 - Simulation cell with the atomic model for NaF-AlF3 mixture derived from molecular 
dynamics at 1305K. (Blue areas: AlF6

3-, AlF5
2- or AlF4

-) 
 

The chemical shifts evolution of 23Na, 19F and 27Al were measured by NMR and calculated with 
CASTEP for all configurations (up to 50 mol% of AlF3). In figure 2 we reported the 
experimental and calculated chemical shifts for all three nuclei as open and: the empty markers 
are measured experimentally and the full markers are the calculated chemical shifts.   

 

  
Figure 2 - Comparison of calculated (full markers) and experimental [3] (empty markers) NMR 

chemical shifts vs AlF3 content at liquid temperature. 
 
For 23Na, 19F and 27Al nuclei, not only the trends but also the absolute values of the calculated 
average chemical shifts are in excellent agreement with the experimental values measured at 
high temperature. Given the extreme sensitivity of NMR chemical shifts to both the fine details 
of the local structure around atoms [16] and to the speciation in molten salts [2,3] these results 
are a solid proof that the force field used to describe inter-atomic interactions in the classical MD 
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simulations. Such a validation is all the more valuable that very few physic-chemical parameters 
can be reliably measured under such extreme temperature and corrosive conditions. 
The 19F chemical shift in molten NaF, measured in the melt at 995 °C is -232 ± 5 ppm and can be 
associated to free F-. As AlF3 is added to NaF, the contribution of free fluorine decreases due the 
formation of anionic complexes AlFx

3-x, the relative amounts of which appear to be accurately 
reproduced by the calculation, as well as their evolution as a function of composition. 
Molecular dynamics provides detailed information on the structure, dynamic and thermodynamic 
properties of the melts. And the validation of the inter-atomic potential for the system NaF-AlF3 
now allows us to conduct more extensive dynamic studies with systems containing larger 
numbers of atoms, from which important macroscopic properties such as conductivity and 
viscosity can be evaluated. To improve the electrolyte used in aluminum production is important 
to have a detailed understanding of chemical and physical phenomena occurring in these melts.  
Because inter-atomic models are pair-wise interactions, this validation on the binary NaF-AlF3 
system was also a prerequisite to then explore more complex compositions, and in particular 
those involving Al2O3, the Al precursor in the electrochemical syntheses of aluminum.   
 

Conclusion 
 
The main idea of this work is to build a polarizable interaction potential that reproduce the 
structure of the molten mixtures of the binary  NaF-AlF3 at high temperature in a wide range of 
composition (0 – 50 mol. % ). In challenging high-temperature and corrosive conditions, where 
reliable experimental data are particularly challenging to obtain, the comparison of experimental 
NMR results with data obtained from the combination of MD and DFT simulations provides an 
essential and particularly solid approach for the evaluation of the ionic potential of atomic 
interactions used in our simulations. Now the force field can be transferred to more complex 
systems. Analyzing the radial distribution function, the coordination number of aluminum ions 
was also calculated from MD simulation and confirms the presence of the ionic complex AlF6

3-, 
AlF5

2-, AlF4
- and of free F-.  

An important point of this study is to describe the speciation in the electrolyte to obtain input 
data for modeling electrokinetic transport phenomena during the process of aluminum 
production. The corrosion behavior and the interactions between the molten electrolyte and the 
anode are not completely understood. These models should identify forward, the species present 
on the surface of the electrode and to better understand the mechanisms of corrosion observed on 
the anodes.  
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Abstract
The nucleation mechanism of Co(II) in urea-choline chloride-CoCl2 melt at 373 K was
studied using chronoamperometry. Chronoamperometry experiments confirm that the 
electrodeposition of cobalt on tungsten electrode is governed by three-dimensional (3D) 
progressive nucleation and diffusion-controlled growth mechanisms. The average diffusion 
coefficient of Co(II) in the melt at 373 K is 1.1 × 10-6 cm2 s-1, which is in good agreement
with the estimated value obtained from cyclic voltammetry data. Characterization of the Co 
electrodeposit using scanning electron microscope (SEM), energy-dispersive spectroscopy 
(EDS), and X-ray diffraction (XRD) techniques indicate that the electrodeposit obtained at 
-0.75 V and 373 K contain dense and compact surface formed from pure cobalt metal.

Introduction
Cobalt is a hard magnetic material and cobalt-based alloys show excellent magnetic 

properties, adequate mechanical durability and good corrosion resistance that are needed 
for high-performance magnetic recording applications.1-4 The electrodeposition of cobalt
and cobalt alloys from aqueous solutions is difficult because of narrow electrochemical 
window of water, which further results in low current efficiencies and poor quality deposits 
due to hydrogen embrittlement.

Ionic liquids (ILs) have been substituting aqueous electrolytes for electrodeposition of 
metals and semiconductors because of advantages such as wide electrochemical window,
negligible vapor pressure, good electrical conductivity and no hydrogen gas evolution.5,6

First generation ILs or chloroaluminate-based ILs have been used for electrodeposition of 
cobalt and cobalt alloys because of their adjustable Lewis acidity or basicity.7-9 Reddy et al.
have extensively studied the electrodeposition of aluminum and aluminum alloys from 
chloroaluminate ILs.10-13 But, the hygroscopic nature of chloroaluminate systems limits
their wide-spread applicability and therefore, air and water-stable ILs or second generation 
ILs have attracted the attention of researchers in various fields. However, the transition 
metal halides have low solubility in second generation ILs because of weak Lewis base 
nature of the anions.14,15 The eutectic mixture of urea and choline chloride (2:1 molar ratio)
is considered in the present study due to high solubility of metal halides and low cost of the 
IL.5,16,17 Hydrogen bonding interactions between urea and chloride ions resulted in the
formation of deep eutectic mixture that exhibit useful electrolyte properties; low freezing 
point of 12 °C and wide electrochemical window of ~ 2.5 V.16 Recently, urea-choline
chloride mixture have been used as alternative solvents for electrodeposition of several
metals.18-24
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The electrodeposition of cobalt has been carried out in several ILs. Srivastava et al. 25 
compared the structure and properties of cobalt coatings obtained from both ionic liquid 
and aqueous electrolytes. The Co coating deposited from the ionic liquid displayed fine, 
equiaxial crystallite morphology, while Co coating obtained from aqueous electrolyte 
showed acicular flake type morphology. In addition, the equiaxial crystallite morphology of 
Co coating obtained from IL showed relatively higher microhardness in comparison to Co 
coating deposited from aqueous electrolyte. Chen et al.26 studied the electrodeposition of 
cobalt on nickel electrode from 40-60 mol % zinc chloride-1-ethyl-3-methylimidazolium 
chloride ionic liquid containing cobalt (II) ions at 353 K. The cobalt deposition occurred 
via 3D instantaneous nucleation followed by diffusion-controlled growth process of the 
nuclei. An et al. 27 reported the electrodeposition behavior of cobalt in ZnCl2-EMIC-CoCl2 
ionic liquid. A high-pure cobalt coating was obtained at cathodic potential of 100 mV (vs. 
Zn/Zn2+) and at current density of 85 μAcm-2. Also, the authors indicated that the 
electrodeposition of cobalt metal proceeds through diffusion-controlled growth process. 
Katayama et al. 28 investigated the effect of temperature and additives on electrodeposition 
of cobalt from IL containing imide functional group. The deposition over potential was 
reduced with the increase in reaction temperature and also with the addition of acetone to 
the IL. Electrochemical deposition of lead from lead oxide29 and zinc from zinc oxide30, 31 

in 2:1 urea/choline chloride ionic liquid. Recently, our research group has studied the 
electrodeposition of cobalt from BMIMBF4 IL.32 Although, several investigations have 
been made on electrodeposition of cobalt in different ILs, very limited information is 
available on nucleation mechanism of cobalt ions in urea and choline chloride.33 

In the current study, chronoamperometry technique was used to study the 
electrochemical behavior of cobalt in eutectic mixture of urea and choline chloride. The 
electrodeposit was characterized using scanning electron microscope (SEM), energy 
dispersive spectroscopy (EDS), and X-ray diffraction (XRD) methods. 

 
Experimental 

All the chemicals, CoCl2 (Alfa Aesar, >99.7%), urea (Alfa Aesar, >99.3%) and ChCl 
[HOC2H4N(CH3)3Cl] (Alfa Aesar, >98%), were dried under vacuum for more than 10 h at 
393 K prior to the start of experiments. The deep eutectic solvent was prepared by stirring 
the mixture of urea and choline chloride (2:1 molar ratio) at 373 K until a homogeneous 
colorless liquid was formed. The eutectic composition is 46.2 wt% urea and 53.8 wt% 
choline chloride and eutectic temperature of the IL melt is 12 oC. 

The electrochemical measurements were performed by an EG&G PARC model 273A 
Potentiostat / Galvanostat under an Ar atmosphere. The working electrode, the counter 
electrode and the quasi-reference electrode used for chronoamperometry studies were 
tungsten (99.9%, 0.157 cm2), platinum and silver respectively. The electrodes were 
polished with increasing finer grades of emery paper, rinsed with distilled water and 
completely dried in air before obtaining electrochemical measurements.  

The electrodeposition experiments were carried out using three-electrode system, under 
Ar atmosphere, with copper sheet (0.5 cm2) as working electrode.33 The as-deposited Co 
sample was washed with anhydrous ethanol, to remove any IL adhered on to the cathode 
surface. The phase and structure of the Co sample was determined using X-ray diffraction 
(XRD, Philips APD 3720, Netherlands) and surface morphology of the electrodeposit was 
examined using scanning electron microscope (SEM, JEOL 7000, Japan). The composition 
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of the deposit was analyzed using energy dispersive spectroscopy (EDS) detector attached 
to the SEM. 

Results and Discussion 
Chronoamperometry.— To study the mechanism of the cobalt nucleation and growth 

process, chronoamperometric experiments were performed using urea-choline chloride 
electrolyte containing 0.05 mol·L-1 CoCl2. The potential was increased from a value where 
no Co(II) reduction takes place to a sufficiently negative value that initiates the nucleation 
and growth of Co particles, immediately after the short induction times. Typical 
current–time transient curves of the experiments are shown in Figure 1. All the transients 
exhibits classical characteristics of nucleation process, i.e., after a sharp decay of the 
electrode double layer charging current, an increase in the faradaic current was observed 
due to nucleation and growth of Co nuclei. The cathodic current reaches to a peak current 
maximum, im, as the discrete diffusion zones of individual growing crystallites begin to 
overlap at time, tm. All the current transients decay slowly after tm, and overlaps with one 
another to form a common curve at longer intervals of time. The current decay, resulted 
from diffusion-controlled process, is a function of t-1/2 and is given by Cottrell equation as 
follows:34 

 I = nFAD1/2C(πt)-1/2 [1] 

where I is the current passing through electrolyte in A, n is the number of transferred 
electron, F is the Faraday constant, 96485 C mol-1, A is the electrode area in cm2, C is the 
bulk concentration in mol cm-3, t is the time in s and D is the diffusion coefficient of 
electro-active species in cm2 s-1. As shown in Figure 2, the plot of I vs. t-1/2 gives a straight 
line. From Eq. [1] and using the slopes of the straight lines of I vs. t-1/2, the diffusion 
coefficient of Co(II) ions in urea-choline chloride lies between 1.7 × 10-6 cm2 s-1 and 0.6 × 
10-6 cm2 s-1 and the values are listed in Table I. The average value of diffusion coefficient 
of Co(II) ions is calculated to be 1.1 × 10-6 cm2 s-1 and is in good agreement with the 
estimated value obtained from cyclic voltammetry.35 The diffusion coefficients of Co(II) 
ions in various ILs are listed in Table II. The different values of diffusion coefficient for 
Co(II) ions is possibly because of the effect of change in temperature and molten salt 
system. 

In general, electrodeposition of metals on foreign substrate involves 3D nucleation 
process followed by hemispherical growth of developing nuclei. Scharifker et al.36,37  
described the nucleation and growth mechanism of metal nuclei by using two models; 
instantaneous and progressive nucleation models. The instantaneous model refers to a 
process in which a fixed number of nucleation sites are all activated at same time after the 
potential step, while the progressive model describes a process in which the nucleation sites 
are gradually activated as the chronoamperometric experiment proceeds. To identify the 
nucleation and growth mechanism governing electrodeposition of cobalt, the data from the 
chronoamperometric experiments are compared with the theoretical dimensionless (i/im)2 vs. 
(t/tm) curves, predicted by Scharifker and co-workers for 3D instantaneous (Eq. [2]) and 
progressive (Eq. [3]) nucleation processes:38,39 
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The experimental and theoretical plots are shown in Figure 3. A close agreement of the 
experimental data with the theoretical curves defined by Eq. [3], indicates that the 
reduction of Co (II) ions to Co on tungsten cathode involves a 3D progressive nucleation 
and growth mechanism mediated by diffusion-controlled process. 

Electrodeposition and characterization of cobalt.— Electrodeposition of cobalt was 
performed on copper (0.5 cm2) substrate using urea-choline chloride containing 0.05 
mol·L-1 CoCl2 at constant potential of -0.75 V and at 373 K. After electrolysis, the 
deposited Co sample was rinsed thoroughly with ethanol, completely dried and then 
examined using SEM, EDS and XRD techniques. 

The SEM micrograph of the electrodeposited Co sample at -0.75 V and at 373 K is 
shown in Figure 4. The surface morphology shows that the deposit consists of flat and 
compact surface with the nodular structures. EDS spectrum of the Co sample is shown in 
Figure 5. EDS analysis indicate that the electrodeposit contain pure cobalt, with no trace of 
other impurities such as trapped Cl atoms from the ionic liquid. Figure 6 shows that the 
XRD pattern of as-deposited Co sample. All peaks of the XRD pattern are assigned to Co 
element and no diffraction peaks of cobalt oxide are observed. Therefore, the 
electrodeposited sample primarily consists of pure Co metal. 

 
Conclusions 

An electrochemical study was conducted on reduction of Co(II) ions from deep eutectic 
mixture of urea and choline chloride(2:1 molar ratio) containing 0.05 mol·L-1 CoCl2 at 373 
K. Chronoamperometric experiments show that the electrodeposition of cobalt involves a 
3D progressive nucleation and growth process. From Cottrell equation, the average 
diffusion coefficient of Co(II) ions in the melt was calculated to be 1.1 × 10-6 cm2 s-1 at 373 
K, which is in good agreement with the estimated value from cyclic voltammetry. A dense 
and compact electrodeposit of cobalt was obtained under the experimental conditions. EDS 
and XRD results show that the electrodeposit is pure cobalt metal. 
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Table I. Diffusion coefficient of Co(II) at different potentials 
 

 
Potential (V) D (cm2s-1) 

-0.74 1.7 × 10-6 
-0.76 1.1 × 10-6 
-0.78 1.0 × 10-6 
-0.80 0.9 × 10-6 
-0.85 0.6 × 10-6 

Average 1.1 × 10-6 

                __________________________________________ 

 

Table II. Comparison of diffusion coefficient of Co(II) in various ILs. 

 
 

System 
Temperature 

(K) 
 

Method 
D 

(cm2 s-1) 
 

Reference 
CoCl2-urea-choline chloride 373 chronoamperometry 1.1 × 10-6 This work 
CoCl2-urea-choline chloride 373 cyclic voltammetry 1.7 × 10-6 35 

CoCl2-AlCl3-EMIC 295 chronoamperometry 4.4 × 10-7 8 
CoCl2 in urea-NaBr-KBr 373 cyclic voltammetry 2.5 × 10-6 38 

CoCl2-urea-NaBr-acetamide 353 cyclic voltammetry 2.8 × 10-7 39 
Co(TFSA)2-BMPTFSA 300 chronoamperometry 7.2 × 10-8 40 

_________________________________________________________________________ 
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Figure 1. Current-time transients of chronoamperometric experiments for mixture of urea 
and choline chloride containing 0.05 mol·L-1 CoCl2 on tungsten electrode at 373 K. 
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Figure 2. Variation of current (I) with time (t-1/2) for decreasing portion of current-time 
transients in Figure 1 during electrodeposition of cobalt on tungsten electrode at 373 K. 
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Figure 3. Comparison of the dimensionless current-time transients of chronoamperometric 
experiments for mixture of urea and choline chloride containing 0.05 mol·L-1 CoCl2 on 
tungsten electrode with the theoretical models of 3D nucleation process at (a) -0.74 V, (b) 
-0.76 V, (c) -0.80 V and (d) -0.85 V. 
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Figure 4. SEM micrograph of the cobalt electrodeposit obtained from mixture of urea and 
choline chloride containing 0.05 mol·L-1 CoCl2 on copper substrate at -0.75V and at 373 K. 
 

 

Figure 5. EDS spectrum of the cobalt electrodeposit obtained from mixture of urea and 
choline chloride containing 0.05 mol·L-1 CoCl2 on copper substrate at -0.75V and at 373 K. 
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Figure 6. XRD pattern of the cobalt electrodeposit obtained from mixture of urea and 
choline chloride containing 0.05 mol·L-1 CoCl2 on copper substrate at -0.75V and at 373 K. 

815



The Current Efficiency for Aluminium Deposition from Molten Fluoride 
Electrolytes with Dissolved Alumina 

Geir Martin Haarberg 

Norwegian University of Science and Technology (NTNU), Trondheim, Norway, 

Keywords: Aluminium electrolysis, Current efficiency, Impurities 

Abstract 

Controlled laboratory experiments were carried out to determine the current efficiency for 
aluminium deposition from fluoride electrolytes containing dissolved alumina. Electrolysis was 
performed at constant current density, and the amount of deposited aluminium was determined. 
Effects of temperature, cathodic current density, electrolyte composition and the presence of 
dissolved impurities were studied. The loss in current efficiency is strongly linked to the 
solubility of dissolved aluminium. The rate of the so called back reaction between dissolved 
aluminium and CO2 depends on the diffusion of dissolved aluminium near the cathode. Both 
dissolved aluminium and dissolved alkali metals must be considered. Impurities with several 
oxidation states, such as phosphorus, cause a loss in current efficiency by undergoing cyclic 
red/ox reactions at the electrodes. The results are of interest for the industrial process of 
producing aluminium.

Introduction 

More than 50 million tonnes of aluminium is produced annually by the Hall-Heroult process. 
Alumina is dissolved in a molten fluoride electrolyte based on cryolite (Na3AlF6) and containing 
some AlF3 as well as CaF2 [1]. Modern cells are operating at ~ 955 - 965 oC. The current
efficiency with respect to aluminium can be as high as 96 % and the corresponding energy 
consumption may be ~13 kWh/kg Al and higher in cells running at ~ 300 kA or higher. The 
basic principles of the original process remain unchanged, but significant technological 
developments have taken place. The main improvements have been related to environmental 
issues and controlling the high induced magnetic fields allowing for increasing the size of the 
cells. The productivity of the process can be increased by increasing the current in existing cells, 
and such efforts have been implemented in industrial cells in recent years. Another possibility is 
to increase the current density. The cathodic current density is typically in the range from 0.7 –
0.8 A/cm2 in modern industrial cells.

The current efficiency with respect to aluminium can be as high as 96 % in modern cells. The 
primary cell reaction is:  

Al2O3 (diss) + 3/2 C (s) = 2 Al (l) + 3/2 CO2 (g) (1) 

The loss in current efficiency for aluminium deposition is strongly linked to the fact that 
aluminium is soluble in the electrolyte. Metal solubility is a general phenomenon in molten salts 
[2]. In molten cryolite based electrolytes dissolved Na must be considered in addition to 
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dissolved Al [1]. A small but significant activity of sodium is established at the metal/electrolyte 
interface due to the following equilibrium: 
 

Al + 3 NaF = 3 Na + AlF3    (2) 
 
It is known that the subvalent species AlF2

- is formed as well as dissolved Na. Excess electrons 
from sodium are responsible for a small contribution to electronic conductivity [1], which may 
set the upper limit for the attainable current efficiency. Solubility studies have been carried out in 
laboratory experiments, and the metal solubility is generally in the order of ~ 0.05 wt% Al in 
electrolytes used in industrial cells. The solubility decreases by increasing content of AlF3 and 
decreasing temperature. The most reliable metal solubility data have been published by Ødegård 
et al. and Wang et al. [3,4].  
 
The socalled back reaction between dissolved metals (Al and Na) and the anode product is 
responsible for the major loss in current efficiency: 
 

Al (diss) + 3/2 CO2 (g) = Al2O3 (diss) + 3/2 CO (g)  (3) 
 
The rate of the back reaction is determined by diffusion of dissolved metals (Al and Na) through 
the diffusion layer near the cathode. The rate of the diffusion of dissolved metals depends on the 
total metal solubility and the diffusion layer thickness. The presence of small amounts of CaF2, 
LiF and MgF2 is known to be beneficial for the current efficiency [1]. It is likely that the total 
metal solubility is reduced upon these additions.  
 
Sterten studied the mechanism for the loss in current efficiency for aluminium deposition in the 
industrial process [5]. Sterten and Solli and coworkers presented experimental results and model 
calculations for the current efficiency based on laboratory studies [6-8]. The effects of cathodic 
current density, electrolyte impurities and electrolyte composition were included in their 
investigations. Realistic values for the current efficiency were obtained. The variation of the 
current efficiency with respect to current density, electrolyte composition and temperature was 
found to be closely linked to the concentration of dissolved metal. Fig. 1 shows results from 
laboratory experiments for the current efficiency versus the current density [6].  
 
It has been established that the back reaction takes place outside the diffusion layer next to the 
cathode/electrolyte interface. The rate of the back reaction is independent of current density, so 
the current efficiency with respect to Al should increase by increased current density. However, 
transport phenomena in the electrolyte in the cathode diffusion layer lead to a more complex 
relationship between loss in current efficiency and cathodic current density [1]. The rate of the 
back reaction can be expressed as follows: 
 

vB = k' (dc/dx) = k' (co/δ)    (4) 
 
where k' is a constant including the diffusion coefficient, co is the saturation concentration of 
dissolved metal at the cathode-electrolyte interface and δ is the diffusion layer thickness. Li et al. 
[9] recently presented a revised model for calculating the current efficiency based on local 
variations in cathodic current density related to the three-phase flow of electrolyte at the cathode 
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interface. The average current efficiency for a typical 300 kA cell at 960 oC and CR=2.3 was 
estimated to be 95.0 %. 
 
Impurities enter the electrolyte mainly from the consumable carbon anode and aluminium oxide. 
Important impurity elements are iron, silicon, phosphorus and sulfur. Metallic impurities more 
noble than aluminium, such as iron and silicon, codeposit at the cathode. The main effect of such 
impurities is contamination of the metal. Other impurities such as phosphorus undergo cyclic 
redox reactions at the electrodes, so that the loss in current efficiency may be significant.  In 
modern industrial cells more impurities end up in the produced metal due to the efficient 
recycling of impurities within the process, mainly by secondary alumina used in dry scrubbers. 
Studies of the bahaviour and impact of impurities have been published [10-12]. 
 

 
 
Figure 1. Current efficiency for aluminium deposition as a function of the cathodic current 
density in molten NaF-AlF3(CR=2.5)-CaF2(5 wt%)-Al2O3(sat) at 980 oC and 0.85 A/cm2. 
Replotted data [6]. 
 
 

Experimental 
 
A sketch of the laboratory cell used to determine the current efficiency by galvanostatic 
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electrolysis is shown in Fig. 2. The cell was similar to that used by Sterten and Solli [5-8]. The 
current efficiency was calculated from Faraday's law by weighing the amount of aluminium 
deposited during electrolysis. The electrolysis cell was placed in a closed furnace with dry argon 
atmosphere. A graphite crucible with a sintered alumina lining served as the container for the 
molten electrolyte. A steel plate was placed at the bottom of the crucible acting as the cathode to 
ensure that the liquid Al was well wetted. A graphite anode was immersed about 4 cm into the 
electrolyte and placed about 4 cm above the steel cathode. The influence of cathodic current 
density, electrolyte additions of LiF and KF, and  additions of impurities of AlPO4 and Na2SO4 
was studied in separate experiments. The electrolyte was saturated with respect to alumina. 
Standard experimental conditions were molten Na3AlF6-Al2O3 (sat) with excess AlF3 
corresponding to a molar ratio of NaF/AlF3 of 2.5 and 5 wt% CaF2 at 980 oC and a constant 
current density of 0.85 A/cm2. The possible loss of phosphorus and sulphur due to chemical 
reactions between the added compounds and the electrolyte was also examined by analyses of 
electrolyte samples taken as a function of time after the additions of impurities.  
 
 
 

 

Anode conductor/Anode con
Steel tube
Cathode conductorCa
 
Anode
Lining (alsint)
Crucible (graphite)

Electrolyte 
MetalMetal
Steel plate pp
Cement 

 
Figure 2. Sketch of the experimental cell for determining the current efficiency for aluminium 
deposition during electrolysis. 
 
 

Results and discussion 
 
Current efficiencies for aluminium deposition ranging from ~89-96 % were obtained. Good 
agreement with literature data [6] was found in pure molten NaF-AlF3(CR=2.5)-CaF2(5 wt%)-
Al2O3 (sat), where the current efficiency at 0.85 A/cm2 and 980 oC was determined to be ~ 91 - 
93 %.  
 
Fig. 3 shows current efficiency versus cathodic current density from 0.85 - 1.50 A/cm2. The 
current efficiency was found to increase by increasing cathodic current density. This is in 
accordance with theory, since the main reason for loss in current efficiency is the back reaction 
between the electrolysis products. Literature data shown in Fig. 1 indicate that there is a 
maximum CE at ~1.1 A/cm2. However, the present results show that there is an increase in CE 
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up to at least 1.5 A/cm2, the increase being less than linear with current density at high current 
densities. This is likely to be due to the fact that the transport phenomena at the cathode 
boundary layer cause a higher metal solubility, thus giving a slightly increased rate of the back 
reaction at increasing current density. However, the main reason for increased current efficiency 
at high current densities is the fact that the rate of the back reaction is almost independent of the 
current density. The presented laboratory results for the current efficiency may not be directly 
applicable to industrial operation. Industrial cells have some constraints with respect to the 
design which is largely given by the energy and heat balance. An increase of the current density 
may not be feasible because it will imply a decrease of the interpolar distance in order to reduce 
the heat production. The results from laboratory experiments at very high current density may be 
inaccurate due to the intensive anodic gas evolution which may cause increased electrolyte 
convection and affect the diffusion layer thickness. In industrial cells it is important to maintain a 
frozen layer of solid cryolite at the side walls to protect the side lining. The interpolar distance is 
adjusted so that the heat production due to the ohmic voltage drop in the electrolyte is not too 
high or too low. Therefore the convection at the cathode/electrolyte interphase, which is due to 
the anodic gas evolution, cannot be controlled in industrial cells. 
 
Figure 4 shows results from determining the current efficiency for aluminium during electrolysis 
at 1.5 A/cm2 as a function of the electrolyte composition. A similar trend was obtained by Sterten 
et al. [7] at 0.85 A/cm2. Increasing amounts of AlF3 cause decreasing metal solubility. 
 
 
 
 

 
 
Figure 3. Current efficiency for aluminium deposition as a function of the content of phosphorus  
in the electrolyte after additions of  Na2SO4. Molten NaF-AlF3(CR=2.5)-CaF2(5 wt%)-Al2O3(sat) 
at 980 oC and 0.85 A/cm2. 
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Figure 4. Current efficiency for aluminium deposition as a function of the electrolyte 
composition (NaF/AlF3 molar ratio) in molten NaF-AlF3-CaF2(5 wt%)-Al2O3(sat) at 980 oC and 
1.5 A/cm2. 
 
 
The effect of LiF additions up to 5 wt% gave a small but significant increase of the current 
efficiency, as shown in Fig. 5. This agrees with literature, where Dewing [13] and Tabereaux et 
al. [14] reported that the loss in current efficiency in industrial cells was found to increase 
somewhat with increasing LiF content. However, theoretical considerations may suggest that the 
current efficiency should not depend on relatively small additions of LiF. Additions of LiF in 
industrial cells may lead to other changes of the electrolysis operation, so that industrial data for 
the current efficiency may not be reliable. At very high contents of LiF (10 wt%) the current 
efficiency was drastically reduced. 
 
Fig. 6 shows the effect of additions of KF on the current efficiency. Adding 1 wt% of KF caused 
a small increase of the current efficiency. At higher contents of KF the current efficiency was 
found to decrease significantly. This is probably due to dissolution of potassium, which may lead 
to an increase in the total metal solubility. KF is not a common additive as it is regarded not to be 
beneficial for the electrolysis process. However, in some cases KF is present as an impurity in 
the alumina.  
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Figure 5. Current efficiency for aluminium deposition as a function of additions of LiF to the 
electrolyte of molten NaF-AlF3-CaF2(5 wt%)-Al2O3(sat) at 980 oC and 0.85 A/cm2. 
 
 

 
 
Figure 6. Current efficiency for aluminium deposition as a function of additions of KF to the 
electrolyte of molten NaF-AlF3-CaF2(5 wt%)-Al2O3(sat) at 980 oC and 0.85 A/cm2. 
 
After additions of both phosphate and sulfate to the electrolyte it was found that the contents of 
dissolved phosphorus and sulfur in the electrolyte were decreased due to chemical reactions and 
possible evaporation in experiments without electrolysis. Especially the content of sulfur was 
rapidly reduced. In current efficiency experiments the loss of phosphorus and sulfur was 
compensated for by regular additions of the compounds during electrolysis. The effects of the 
presence of dissolved AlPO4 and Na2SO4 on the current efficiency are shown in Fig. 7. 
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Figure 7. Current efficiency for aluminium deposition as a function of the content of phosphorus 
and sulfur in the electrolyte after additions of  AlPO4 (squares) and Na2SO4 (circles). Molten 
NaF-AlF3(CR=2.5)-CaF2(5 wt%)-Al2O3(sat) at 980 oC and 0.85 A/cm2. 
 
The effect of phosphorus on reducing the current efficiency was similar to reported results [6, 
15], and the main main mechanism is the cyclic redox reactions of dissolved phosphorus species 
at the electrodes. The effect of sulfur on the current efficiency has not been widely studied. 
However, it was shown by Pietrzyk and Thonstad [16] that large amounts of sulfur in the anode 
caused a significant decrease of the current efficiency. The results in Fig. 7 show that dissolved 
sulfate has a more negative effect on decreasing the current efficiency than dissolved phosphate. 
Large amounts of sulfate were added during the experiment, and it is believed that dissolved 
sulfur species are reduced at the cathode while chemical reactions to form SO2 also take place. 
 
 

Conclusions 
 
Laboratory experiments were carried out to determine the current efficiency for aluminium 
deposition. The variation of the current efficiency with changes in cathodic current density and 
electrolyte composition was found to reflect the changes in the metal solubility. The current 
efficiency with respect to aluminium was found to increase by increasing the cathodic current 
density in the range from 0.85 - 1.5 A/cm2 during galvanostatic electrolysis in molten cryolite 
based electrolytes. The current efficiency was found to increase by increasing the content of AlF3 
in the electrolyte. Moderate additions of  LiF caused a small increase in current efficiency, but 
high LiF (10 wt%) had an opposite effect. Additions of KF caused a steady decrease of the 
current efficiency. Both additions of phosphate and sulfate to the electrolyte caused a significant 
reduction in the current efficiency, mainly due to cyclic redox reactions at the electrodes.  
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Abstract 

Slag is a by-product of different metal extraction and refining processes. This paper reports the 
results of an experimental study on replacing part of ordinary Portland cement (OPC) with iron 
and steel slags. In Iranian iron and steel plants, slags are generated at three different stages of 
processing; Basic Oxygen Furnace (BOF), Electrical Arc Furnace (EAF) and Granulated Blast 
Furnace (GBF) are the slags used in this study. In this respect, some mixtures were made with 
10%, 20% and 30 wt% of each slag replaced in ordinary Portland cement. For this study, the 
effects of slag additions in cement was determined by measuring of electrical conductivity and 
pH of slurry, setting time of paste and mechanical strength of mortar at various ages. According 
to the results, 10% EAF or BOF slag can safely replace part of OPC in mortars. 

Introduction 

Recently, utilization of waste materials in other industries has been attracted by researchers. 
However, most industrial slags are being used without taking full advantage of their properties or 
disposed rather than used. In Iranian iron and steel plants, slags are generated at three different 
stages of processing and in view of that categorized as: 

i. Granulated blast-furnace slag (GBFS) is a glassy granular material of the manufacture of
pig iron from iron ore, limestone and coke. The liquid slag is rapidly cooled by 
quenching to get an almost completely amorphous material. Up to now, the use of 
GBFS in cement and concrete technology has been extensively discussed [1-3].  

ii. Electric arc furnace slag (EAFS) is essentially based on addition of burned lime, dolomite
[Ca.Mg(CO3)2] and etc. together with steel scraps in electrical arc furnace under high 
voltages. After separating from molten metal, the liquid slag cooled by a combination 
of spraying water and air. The water quenched electric arc furnace slag has a physical 
appearance which is partly granular and partly flaky. In the type of air cooled, high 
Fe-oxide content coupled with the highly crystalline nature of the slag are proposed to 
be the reasons for its chemical inactivity during the process of hydration in the 
presence of clinker or lime. Hence the EAFS is used mainly as aggregates for 
landfills and roads [4-6].  

iii. Basic oxygen furnace slag (BOFS) produced in the process of conversion pig iron to steel
in a basic oxygen furnace. The principle of the basic oxygen furnace is to blow 
oxygen and neutral gas into the furnace to decrease carbon contents. Moreover, 
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during the conversion of pig iron, lime and dolomite are added in the converter. Lime 
is used to fix the silicon and phosphorous contained in pig iron and dolomite is added 
to protect the refractory brick. At the end of the conversion, BOF slag is separated 
from steel because of their different specific gravities and then cooled slowly in the 
air with water spraying [7-9]. 

There are some reasons for trying to apply the utilization of slags in the manufacturing of cement 
or, alternatively, as cement replacement materials in concrete. One good reason is the decrease of 
a significant amount of slag being sent to landfill each year. Other reasons are the potential for 
reducing energy consumption and carbon dioxide emissions within the cement industry, and to 
save natural resources [1, 8-9]. 
In addition to the above reasons, replacement of clinker by slags had another advantages such as 
low heat of hydration, high sulfate and acid resistance, better workability, and good ultimate 
strength and durability [10]. There are two different approaches for the incorporation of iron and 
steel slags in cement production. The first one involves the use of slag, mixed with limestone and 
clay, as raw material feed to the cement kiln [2]. This may be a solution to the disposal problem 
but there is not any energy benefit, (because of the slag must be clinkered) or economic benefit 
(one low-cost material is substituted for another). A more attractive approach is the utilization of 
iron and steel slags in the production of special cements [8, 11-15].  
In this study, we introduce experimental results: mechanical properties of hardened cement 
pastes and morphology of product obtained by X-ray diffraction, Scanning electron microscopy 
under different conditions. In order to have a clear description of the amount of slag that can 
safely replaces OPC in mortar by improving its properties. 
 

Materials and methods 
 
Raw materials 
 
The slags are produced by Esfahan Steel Company. One kilogram of each batch was taken for 
experiments randomly and mixed completely. The mixed Batches were dried, crashed and milled 
by various mills such as ball and fast mills, in order to make a powder which pass the #200 sieve 
( <75 μm).  The chemical composition of slags and OPC used in this study was determined by X-
ray fluorescence and the results are listed in Table 1. X-ray diffraction patterns of raw materials 
are shown in Fig. 1.  
 
Characterization and testing procedures 
 
The mineralogical structure of materials was analyzed by X-Ray diffraction. The apparatus was 
Bruker D8 Advance with nickel-filtered CuKα1 radiation (λ=1.5406 Å). The effects of slag 
additions on the rheological properties of slurries were investigated by the measurement of 
pouring time of slurry through a 5 mm orifice in the standard funnel. The values of electrical 
conductivity and pH of Slurries were measured in situ using Consort C933 multi-parameters 
portable.  
The setting times of the pastes were determined by the Vicat apparatus. A needle of a known 
weight and area was used in this method [16, 17]. Two distinct stages of setting were recorded in 
the laboratory for pastes: the initial set (time of commencement of the setting) and the end, or 
final, set. The mechanical strength measurements of mortars were performed on a Baldwin 
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machine in a load control regime with a loading rate of 2 MPa/min. Three specimens were made 
and tested for each data point. The specimens were tested at 3, 7, 28 and 90 days after casting. 
Scanning electron microscopy (SEM) observation were done by Leo 435-VP, operating at 
EHT=20 kV. 
The slags were replaced by part of cement based on the design shown in table 2. For each 
blended of slag and cement, dry powder was mixed in the ball mill for 10 minutes to get a 
uniform composition. 
 

Table I. Chemical composition of raw materials 
Mineral OPC BOFS EAFS GBFS 

SiO2 21.7 10.2 13.9 36.4 
CaO 63.5 56.1 49.1 38.0 

Al2O3 5.9 2.1 2.3 8.3 
MgO 1.8 1.5 7.7 9.5 

Fe (total) 3.1 20.5 17.1 1.9 
MnO - 2.6 6.3 1.0 
V2O5 - 2.2 2.1 0.1 
P2O5 - 1.2 0.5 - 
TiO2 0.6 2.1 - 4.3 
K2O 0.7 0.4 - 0.3 
L.O.I 2.7 1.1 1.0 0.2 

Specific gravity (g/cm3) 3.15 3.47 3.28 2.74 
 
 

 
Figure 1. X-ray diffraction patterns of materials 
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Table II. Mix proportions of blends (wt %) 

Mixture name 
OPC 
(%) 

BOFS 
(%) 

EAFS 
(%) 

GBFS 
(%) 

Ref    100 - - - 
BOF10 90 10 - - 
BOF20 80 20 - - 
BOF30 70 30 - - 
EAF10 90 - 10 - 
EAF20 80 - 20 - 
EAF30 70 - 30 - 
GBF10 90 - - 10 
GBF20 80 - - 20 
GBF30 70 - - 30 

 
Results and Discussion 

 
Slurry 
 
Rheological properties 
The batch of slurry was considered 50 grams powder together with water to cementitious 
materials ratio (w/cm) equal to 0.5. The blend was mixed in a rotary mixer for 5 minutes in order 
to get uniform slurry. Based on these results (Table 3), by increasing amounts of BOFS, the 
pouring time increased while GBFS and EAFS acted in the reverse manner. This may be due to 
the higher basic composition of BOFS which release Ca ions right after mixing with water, 
compared to the other slags. It has been mentioned as follows by other researchers, when cement 
mixed with water, due to hydration reactions, calcium (Ca) and hydroxyl (OH) ions go into 
solution within the first 10 min. The degree of hydration describes the process of hydration, and 
directly is related to the fraction of the hydration products or porous structure in a hydration 
system in cement based materials [18-20].  
 
 pH 
The pH of the slurry plays an important role in the hydration process and in determining the 
nature of C-S-H. It was reported that C-S-H does not form in a solution with a pH below 9.5 
[16]. In order to have a rough estimation of slag hydration, the pH of slurries made with different 
slag additions were measured at 10 and 60 minutes of hydration, respectively. The results are 
shown in table 3. According to the results, the alkalinity of all slags is closely the same.   
 

Electrical-Conductivity 
Electrical conductivity process occurs mainly due to ion transport through the pore solution in a 
cement-based system and it is an important parameter to study the hydration process of cement 
pastes at early stages. The variation of conductivity as a function of time can indeed reflect on 
internal changes of the pore solution of cement paste with time. On the other hand, electrical 
conductivity of cement slurries decreased with time [21]. The conductivity of various mixtures of 
slag and OPC were measured. Based on the results, by replacement of slag as part of OPC, the 
electrical conductivity of slurries decreased, this may be the case for increase in the setting time 
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of the pastes. Results of electrical conductivity of slurries are shown in table 3. Due to specimen 
of Ref at time of 60 min had been set, their values of pH and EC could not be measurable.    
 

Table III. Values of measured pouring time (Sec), pH and electrical conductivity (mS/c) of slurries 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Paste and mortar 
 
 Setting behavior of the pastes 
The initial and final setting time of the pastes was evaluated and the results are graphically 
presented in figures (2, 3 & 4). Based on the results, the initial and final setting time of blended 
cement paste both increased which was depended on the amount and kind of slag used in the 
blended cement. This may initially be due to the reduction in the amount of C3A but finally due 
to the reduction in the Ca ion releasing from the cement part of the pastes which effects on the 
crystals growth in the during final setting of the pastes. 
 
 

  
Figure 2. Setting time of blended cement 
pastes with BOFS            

Figure 3. Setting time of blended cement 
pastes with EAFS 

  

Mixture 
Name 

Pouring time 
(Sec) 

pH  EC*  

10 min 60 min  10 min 
60 

min 
 

Ref 7.15 12.97 -  10.02 -  
BOF10 8.29 12.71 12.90  9.06 9.54  
BOF20 9.03 12.20 12.92  8.21 9.01  
BOF30 11.67 12.28 12.96  7.65 8.60  
EAF10 5.82 12.79 12.80  9.96 10.02  
EAF20 5.07 12.77 12.75  9.33 9.32  
EAF30 4.86 12.78 12.64  8.90 8.93  
GBF10 6.78 12.74 12.85  9.29 9.72  
GBF20 6.33 12.72 12.80  8.56 8.86  
GBF30 5.97 12.68 12.76  7.93 7.80  
*Electro-conductivity (mS/c)  
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Figure 4. Setting time of blended cement pastes with GBFS 

 
 
Mechanical properties of mortars 
Both flexural and compressive strength of mortars was measured as per Iranian standard 
ISIRI393 [22]. Mortars prisms (Dimensions 40×40×160 mm) and cubes (Dimensions 50×50×50 
mm) were made with cement, sand and water (1:3:0.5) for flexural and compressive strength, 
respectively, which were first cured in accordance with the standard until ages 3, 7, 28 and 90 
days. According to the results, additions of slag at early ages have negative effects on the 
mechanical properties of blended cements but it recovers at longer times. Based on these results 
EAFS and BOFS may safely replaces up to 15% of OPC but GBFS decreases mechanical 
properties of cement at early ages and it does not recovers even up to 90 days of hydration. 
Results are shown in Table 4. 
 
 

Table IV. Mechanical strengths of mortars made containing slags at different ages of curing 

Sample 
Name 

 Mechanical Strength (MPa) 

 3 days  7 days  28 days  90 days 

 Flexural Compressive  Flexural Compressive  Flexural Compressive  Flexural Compressive 

Ref  2.7 21.28  2.9 36.91  4.0 43.29  5.4 51.20 

BOF10  2.5 18.03  2.8 30.22  3.5 40.70  4.9 47.56 

BOF20  2.4 14.92  2.7 21.54  3.2 37.91  4.7 44.95 

BOF30  2.1 11.63  2.4 18.00  3.0 34.32  3.9 40.37 

EAF10  2.4 19.54  2.7 31.97  3.8 41.22  5.2 50.21 

EAF20  1.9 16.93  2.4 28.03  3.4 39.75  4.4 48.91 

EAF30  2.1 12.73  2.3 22.80  3.1 36.44  3.7 46.29 

GBF10  2.4 20.01  2.9 34.46  3.6 42.82  4.9 51.32 

GBF20  2.2 17.22  2.6 30.50  3.2 39.63  3.9 49.08 

GBF30  1.8 14.98  2.2 20.19  2.6 34.22  2.9 41.76 
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Microstructural investigations of the hardened cement pastes  
 
Microstructure of cement pastes after 7 and 90 days of hydration was investigated by scanning 
electron microscopy (SEM) to have a clear understanding of the effect of various slags on the 
hydration products of hardened cement pastes. The electron micrographs are shown in figures 5-
8. Microstructure of OPC shows a dense texture composed of tobermorite (CSH) and plates of 
Ca(OH)2 . By replacement of 30% BOFS with cement (Fig. 6), the paste becomes porous due to 
the formation of lumps of Ca(OH)2 after 7 days which turns to plates after 90 days and needle 
like crystals of ettringite [Ca

6
Al

2
(SO

4
)
3
(OH)

12
·26H

2
O]. Fig. 6 compared to Fig. 7, reveals due to 

the presence of less lime in the composition of EAFS, the needle like crystals of ettringite and 
platy crystals of calcium hydroxide are well formed after 7 days but at 90 days, there is not much 
difference between hydration products of BOFS and EAFS. By looking at Fig. 8 from the 
hardened paste of GBFS, it seems that needle crystals of ettringite has formed after 7 day of 
hydration but, after 90 days, the crystals in the paste becomes lumpy covered with ill platy 
crystal of tobermorite [Ca

5
Si

6
O

16
(OH)

2
]. When the results of micro-structural studies are 

compared with mechanical strength in table 4, the pore mechanical strength of GBFS is 
interpretable. Due to the micro cracks and bigger crystal size that leads to less mechanical 
strength.   
  

 

 
 

Figure 5. SEM Images of reference sample at: a) 7 & b) 90 (days) 
 

  

Figure 6. SEM Images of BOF30 sample at: a) 7 & b) 90 (days) 
 

  

Figure 7. SEM Images of EAF30 sample at: a) 7 & b) 90 (days) 
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Figure 8. SEM Images of GBF30 sample at: a) 7 & b) 90 (days) 
 

 
Hydration products  
 
For study of the hydration products, pieces of pastes with ages of 3, 7, 28 and 90 days were left 
in acetone and ether solution in order to stop their hydration. In order to have a clear 
understanding of the hydrated phases which formed during hydration of cement and slag the X-
Ray diffraction pattern of the pastes after 28 days was taken. It seems from the pattern that 
shown in fig. 9, the pastes with 30% of EAFS or BOFS has stronger peaks of Ca(OH)2 and 
tobermorite compared to GBFS. These phases are the most important phases that contribute to 
the mechanical properties of the paste. Besides, Ca6Fe2(SO4)3·32H2O, FeO and FeO(OH) and 
Ca6Fe2(SO4)3·32H2O are also identified in samples. 

 

 

Figure 9. X-ray diffraction of reference and blended cements, hydrated at 28 days 

 
Conclusions 

 
In this study, the effects of additions various types of iron and steel slags on fresh and hardened 
properties of OPC were investigated by measuring rheological properties, pH, electrical 
conductivity of slurries and Setting behavior, Mechanical properties of the pastes and mortars. 
The following conclusions may be drawn from the obtained experimental data: 

� X-ray diffraction showed that the main minerals present in BOF slag mostly like the one 
in OPC. The activity of BOF slag in cement-based mortars was evaluated and the results 
show that BOF slag has a poor hydraulic activity at younger ages, but it becomes 
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activated after 7 days of hydration. The compressive strength of the blended pastes was 
similar to OPC at 90 days. This means that it has a good hydraulic activity and can safely 
replace part of OPC in blended concretes. 

� EAFS has similar behavior to BOFS due to its similarity to their chemical composition 
but additions of GBFS does not improve the properties of mortars which may be due to 
its lower amounts of lime in its chemical composition. 

� The pH of the mixing solution is expected to have a significant effect on the nature of C-S-H by 
affecting the chemistry of the pore solutions. A high pH in the pore fluids may help the formation of 
C-S-H of a low C/S ratio and/or a different physical distribution because of the solubility of silica. 

� As it is a well-known fact, the hydration process in cement paste results in the formation 
of C–S–H, calcium CH, ettringite and other compounds. During hydration, the capillary 
pores in hardening cement paste are gradually filled up with hydration products and the 
solid phases form a rigid microstructure with increasing strength.  

� SEM observations showed microstructure of pastes become more compact with passing 
time from 7 to 90 days for all of samples. Moreover, in reference sample we saw there 
are some crystalline phases greater than cements containing slag. 
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Abstract

The use of metallurgical slags in cement manufacturing depends on the phases that compose 
such slags, which are affected by changes in slag chemical composition as well as by cooling 
rates adopted during solidification. Two different slags were produced in a pilot scale 
metallurgical reactor by mixing additives into 300 kg of re-melted BOF slag followed by natural 
cooling or by adding of steel balls to it. Quantitative XRD, SEM and Raman analysis of slag 
samples revealed the relationship among cooling conditions and crystalline phases.
The modified slags had CaO/SiO2 between 1.8 and 2.0 which is lower than the 3.8 for 
Steelmaking slag. This reduced basicity resulted in the presence of di-calcium silicates (C2S) in 
higher amounts than in the Steelmaking slag. These di-calcium silicates were part composed of 
2-C2S and part of Bridigite when slag solidified slowly or �’-C2S when slag was cooled faster by 
the addition of steel balls.
Cement samples were produced by mixing 25% of treated steelmaking slag with 75% of Portland 
cement, resulting in expansion lower than 0,1% in the autoclave tests and compressive strength 
higher than 42 MPa after 28 days. The process indicates potential to be applied as a steelmaking 
slag treatment.

Introduction

The construction industry in Brazil has grown more than 5%/y, whereas the crude steel 
production has been steady at approximately 32 millions of tons in the last 10 years, and there is 
no expectation of growth. Therefore, a shortage of blast furnace slag is happening and the 
cement industry needs to find alternatives. Steelmaking slag could be an alternative in cement 
mineral admixture, as a substitute for blast furnace slag [1-4]. However, the use of steelmaking 
slag directly in cement admixture is not allowed because of expansion during hydration, caused 
by free CaO and MgO and Mg-rich wustite (RO phase) [5,6]. A pyrometallurgical process has 
been investigated to promote the modification of the chemical composition of molten steel slag
to make it more appropriate for cement manufacturing. The hydraulic activity of slags is affected 
by the chemical composition, glass content and their combination [7]. Highly basic slags
(CaO+MgO/SiO2+Al2O3 = 1.5) are mainly crystalline [7] and a glassy structure forms in acidic 
slags containing sufficient Al2O3. In addition, the development of glassy phase or crystalline, and
crystal size, depends on cooling conditions [8]. 
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Methodology 

 
The purpose of the experiments conducted in the present work was to study the effect of cooling 
rate and chemical composition on slag crystallization. Modified slags were produced in a 
metallurgical reactor [9] by adding modifying agents to 300 kg of BOF molten Steel Slag (SS) 
supplied by a Steelmaking Company in Brazil. The modifying agent used in this work was rich 
in SiO2. 
Table I shows the chemical composition of BOF steel slag (SS) and of two modified steel slags 
(SS-M11 and SS-M12) determined by X-ray fluorescence (XRF). 
The experiments were aimed at obtaining crystalline slags, especially Ca2SiO4 (C2S) formation.    
 

Table I. Chemical compositions and basicity (%CaO/%SiO2) of 
Steel Slag (SS) and modified slags (wt%). 

 
FeO: ASTM E 246-10 - Determination of Iron by Dichromate Titrimetry. Fe0: XU, Z et al[10], Fe3+ (%) = Fet FRX (%) 
Fe2+ (%) - Fe0, (*)  CaO free. 

 
After chemical modification, slag SS-M12 was cooled by steel balls, using the technique 
developed and patented by the company Paul Wurth, which has authorized the Institute for 
Technological Research (IPT), based on a cooperation agreement, to perform tests using such 
cooling conditions. The principle of cooling by steel balls is described in the patent [11] and in 
the literature [12]. Slag SS-M11 was naturally cooled in the same reactor in which the 
modification occurred, to evaluate the effect of cooling conditions on the slag crystallization. 
After cooling, steel balls were separated from the slag by magnetic separation. The slags were 
milled and homogenized to obtain samples suitable for characterization. The mineralogical 
characterization was performed by XRD analysis with Rietveld quantification method. 
Additionally, Raman spectroscopy (WiTec alpha 300R, �=532 nm) was used to microscopically 
identify the phases and also validate the XRD analysis. Finally, samples were examined in SEM 
with EDS analysis in order to evaluate the chemical composition of phases. 
The hydration heat of modified slags was determined by mixing 50 g of slag into 20 g of 20% 
NaOH aqueous solution. The generated heat was measured for 72 hours. 
Chemically modified steel slags were ground to a particle size less than 0.075 mm and mixed 
with Ordinary Portland Cement (OPC) resulting in Portland Slag Cements samples (PSC) in a 
proportion of 25 wt%/75 wt% (modified slag/Portland cement), named PSC-M11 and PSC-M12.  
Cement manufactured with steelmaking (PSC-SS) was also prepared using the same ratio (25% 
slag/75% Portland cement), for comparison. 
Compressive strength, according to Brazilian Standard NBR 11578 (analogous to European 
Standards EN 197-1, ISO EN 196-1 and ISO EN 196-3) and volume soundness (slag expansion), 
according to autoclave expansion test (standard ASTM C), were performed in PSC samples. 

 
Results and Discussion 

 
Table II presents the mineralogical phases of slag samples, determined by X-ray diffraction 
(XRD), adopting the Rietveld methodology for quantification. 
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Table II. Mineralogical phases (%) of Steel Slag and modified slags 
determined by XRD (Rietveld). NF = not found. 

Phases  SS SS-M11 SS-M12 
C2S 2CaO.SiO2 35.6 58.6 56.3 

Brownmillerite 2CaO.(Al,Fe)2O3 38.7   
RO FeO, MgO, MnO, CaO 21.5 29.4 31.3 

Lime CaO 4.2 NF NF 
Merwinite 3CaO.MgO.2SiO2 NF 4.5 NF 

Melilite 
2CaO.MgO.2SiO2 

+ 

2CaO.Al2O3.SiO2 

NF NF 
3.1 

Diopsita CaO.MgO.SiO2 NF NF 5.1 
Gehlenite 2CaO.Al2O3.SiO2 NF 4.2 NF 

Others - NF 1.3 4.2 
Amorphous - NF 0 0 

 
As shown in Table II, the steel slag (SS) is mostly crystalline, because this type of slag has high 
basicity (CaO/SiO2 = 3.8) and a high content of iron oxides, which may act as nuclei for 
crystallization [13]. The crystalline phases are those typically observed in steelmaking slags 
[14,15,4,8]: brownmillerite (Ca2(Fe,Al)2O5), larnite (Ca2SiO4), RO phase (solid solution among 
FeO, MnO, MgO and CaO) and lime. The free lime content (5.7 wt% in Table I), is too high to 
prevent volume soundness.  The chemical composition of the RO phase determined through EDS 
analysis at different points of microstructure of Steel Slag, revealed a high MgO/FeO molar ratio 
(0.81), which is, together with free MgO and CaO, a limitation for the utilization of steelmaking 
slag in cement. Qian et al. [6] reported that a higher MgO/FeO ratio in the RO phase increases 
potential reactivity with water, affecting the expansion of the material. According to their results, 
when the RO phase is a Mg-rich wustite it has the potential to react with water to produce brucite 
(Mg(OH)2). 
 
As shown in Table I, a significant fraction of Fe3+ content in the slags SS-M11 and SS-M12 was 
reduced, causing an increasing of Fe2+ compared to the SS slag. Most of Fe2+ was incorporated in 
the RO phase causing a decrease in the MgO/FeO ratio, preventing volume soundness. The 
chemical composition determined by EDS analysis in several points of RO phase, revealed lower 
MgO/FeO ratios than in the Steel Slag (SS). This ratio was 0.50 and 0.47 for SS-M11 and SS-
M12 respectively. This is an indication of Mg-poor wustite formation, which presents less 
potential to react with water and consequent expansion, according to Qian et al [6]. Slag SS-M11 
was naturally cooled in the metallurgical reactor where the modification process occurred, 
whereas SS-M12 was cooled by steel balls. 
The identification and quantification of C2S by Rietveld method requires a deeper analysis as this 
phase has polymorphs. Figure 1 presents the diffractograms of samples SS-M11 and SS-M12, 
showing the main crystalline phases. The XRD patterns of α’-C2S and Bredigite 
(7CaO.MgO.4SiO2) according to JCPDS cards numbers 33-3003 and 36-0399, respectively, are 
very similar and it is difficult to conclude whether the samples contain C2S as the alpha 
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polymorph or Bredigite. For SS-M12 slag the peak close to 2�	33º is significantly smaller than 
for SS-M11, which is an indication that the α’-C2S or Bredigite is present in less quantity in the 
slag that was cooled faster (SS-M12). Beta polymorph (β-C2S) was identified in both slags by 
the JCPDS card number 33-0302.  
 

 
Figure 1. XRD patterns of samples (a) SS-M11 e (b) SS-M12 

 
Figure 2 shows examples of the microstructure of SS-M11 and SS-M12, and Table III presents 
the chemical composition measured by EDS of some indicated points. 
 

 
Figure 2. Microstructures of modified slag SS-M11 (naturally cooled) and SS-M12 (cooled 
by steel balls).  Ge=Gehlenite, possible Br=Bredigite. 

 
Table III – Chemical composition determined by EDS in the points indicated in Figure 2. 

Points MgO Al2O3 SiO2 CaO TiO2 MnO FeO 
Possible Br-SS-M11 2.56 0.0 33.4 61.2 0.0 0.9 2.0 
RO-SS-M11 18.4 0.0 1.5 0.9 0.0 11.8 67.5 
Ge-SS-M11 0.0 23.6 19.0 44.6 4.0 1.0 7.6 
β-C2S-SS-M11 0.0 0.0 31.9 66.7 0.0 0.0 1.3 
RO-SS-M12 20.2 0.0 0.0 0.7 0.0 11.7 67.4 

                                              (a)SS-M11 

β-C2S 

RO 

RO 

 Br 
Ge 

β-C2S 

                                              (b)SS-M12 
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β-C2S-SS-M12 0.3 0.0 32.2 66.3 0.0 0.0 1.2 
 
Raman spectroscopy analyses were performed in the same points indicated in Figures 2a and 2b. 
These analyses give further information for validation of XRD data and for differentiate C2S 
polymorphs. Figure 3 shows the micrograph obtained by SEM and by optical microscopy 
(coupled to the Raman spectrograph) of the same region in SS-M11 slag. 
 

 
 Figure 3. (a) Microstructures of modified slag SS-M11 (naturally cooled): (a) by SEM and (b) 
by optical microscope acoppled to Raman spectrograph.  
 
Figure 4 shows the Raman spectra of the phases presented in Figure 3 for SS-M11 slag. Figure 
4a shows the typical peaks of Gehlenite: 240, 303, 626, 665 and 914 cm-1 [16], while the spectra 
of RO phase (Figure 4b) do not present any peak, possible due to the effect of fluorescence in 
phases with high amount of iron. Figure 4c presents the main Raman wavebands of the β-C2S 
phase showing the peak at 856 cm-1 of the highest intensity [17].  The last Raman spectra (Figure 
4d) could not be properly identified as it was found only one peak of high intensity at 890 cm-1. 
This peak is dislocated 34 cm-1 in relation to the highest intensity peak of β-C2S (Figure 4c) 
showing this phase is not a 2-C2S. Bensted [18] reported the spectra of α’-C2S and attributed the 
main peaks of this phase at 828, 864 and 892 cm-1 all with high intensity, which differ from the 
spectra in Figure 4d. Unfortunately, the Raman spectra of Bredigite was not find in literature. 
Although further studies are necessary to conclude that the pattern presented in Figure 4d could 
be from Bredigite, the EDS analysis indicates high amount of Mg (around 2.5 wt% of MgO) in 
this phase. Bredigite is a magnesium calcium silicate with stoichiometric composition of 58.3 
CaO, 6.0 MgO, and 35.7 SiO2 (wt%), but Mg2+ can be substituted by other divalent cations in its 
structure such as Fe2+ and Mn2+.  
The same study of EDS and Raman spectroscopy was carried out for the sample SS-M12 and the 
MgO content in the calcium silicates was smaller than 0.5 wt% which is inconsistent with the 
possible presence of Bredigite.  
The presence of a higher intensity peak in 2�=33.5º in the XRD and the presence of MgO in 
some calcium silicate particles are evidences of the presence of Bredigite in slag SS-M11. For 
slag SS-M12, the XRD pattern of Bredigite is found but the MgO content in the phase is very 
low. This is a possible indication of the presence of �’-C2S instead of Bredigite. Therefore, part 
of the calcium silicates in slag SS-M11 and SS-M12 are in the form of 2-C2S. The remaining is 
probably Bredigite for slag SS-M11 and �’-C2S for slag SS-M12. 
 

RO 

Ge 

β-C2S 

Br 

(a) (b) 
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Figure 4. Raman spectra of the phases indicated in figure 3. 
 
The problem with Bredigite is that this phase shows low hydraulic reactivity when compared to 
β-C2S and α-C2S [19]. This would make the slag less proper to the use in cement manufacturing. 
The hydration heat measured in NaOH aqueous solution is twice as high for SS-M12 as for SS-
M11, as shown in Table IV. This difference can be caused by the difference in the mineral 
composition as discussed above and also by the C2S crystal size. The increase in cooling rate, by 
the presence of steel balls in slag SS-M12, caused a decrease of C2S crystals size, as shown in 
Figure 2. 
 
Table IV. Heat generated in 72 h, for samples SS-M11 and SS-M12 

 SS PSC-M11 PSC-M12 
Total Hydration Heat(J/g) ND 35 70 

                                  
Table V presents the results for expansion determined according to autoclave test and 
compressive strength in ages of 3, 7, 28 and 91 days for cement samples produced with 75% of 
ordinary Cement and 25% of Steel Slag (PCS-SS) and with 75% of ordinary Cement and 25% 
modified slags of (PCS-M11 and PSC-M12).  
Cement samples produced by adding modified slags presented expansions 5 times lower than 
that determined for cement sample produced by adding steel slag without any modification. An 
increase of compressive strength in cement sample produced by adding SS-M12 slag was 
observed in comparison to PSC-M11. This is probably caused by a higher reactivity due to the 
presence of smaller C2S crystals and the absence of Bredigite formation. PCS-M12 sample has 

    (a)     (b) 

  (c)     (d) 
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also higher compressive strength than PCS-SS. This slag represents an improvement in volume 
soundness behavior and in development of compressive strength. 
 
Table V. Expansion in autoclave and compressive strength in 3, 7, 28 and 91 days of 
cements samples produced with 25% of slag and 75% of ordinary cement. 

 PCS-SS PSC-M11 PSC-M12 
Autoclave expansion (%) 0.44 0.07 0.08 
R 3d (MPa) 27.0 29.4 29.8 
R 7d (MPa) 34.1 34.0 35.4 
R 28d (MPa) 41.1 40.7 42.4 
R 91d (MPa) N/D 42.1 43.9 

N/D: Not determined. 
 

 
Conclusions 

 
The main conclusions can be summarized as follows: 
The partial reduction of Fe3+ to Fe2+ and a lowering in basicity from 3.9 to the range from 1.8 to 
2.0 stabilized C2S and RO, with low MgO/FeO ratio, as the main crystalline phases of modified 
slags. 
XRD, SEM-EDS and Raman spectroscopy analyses showed that the calcium silicate was part in 
the form of 2-C2S for modified slags. The remaining part was possibly in the form of Bredigite 
for the slag cooled naturally and in the form of �’-C2S for the slag cooled by steel balls. 
The total hydration heat of the sample cooled by steel ball is twice as high as that of the sample 
cooled slowly, possible due the finer grain of β-C2S and the absence of Bredigite formation 
during solidification.  
Cement samples produced by adding 25% of modified slag specially that cooled by steel balls, 
resulted in an increasing of 1,3 MPa (3,16%) of compressive strengths at 28 days compared with 
cement sample produced by adding Steel Slag. In addition, Steel Slag caused significant 
expansion in cement sample, whereas cements, produced by adding modified slags, presented 
values five times lower of volume soundness. 
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Abstract 

Cr(VI) formation in low cement Cr2O3-containing refractory castables was examined by reacting 
pre-synthesized calcium aluminate phases (C3A, C12A7, CA and CA2) with Cr2O3 at 1300ºC. In 
order to investigate the effect of oxygen partial pressure on Cr(VI) formation, experiments were 
conducted in both air and in a CO2 atmosphere. XRD results indicated that the Cr(VI)-containing 
phase Ca4Al6CrO16 formed in all the examined samples in air, while a Cr(III)-containing phase 
Ca6Al4Cr2O15 formed in samples (C3A+Cr2O3) and (C12A7+Cr2O3) in CO2. Cr(VI) in the samples 
was extracted according to the TRGS 613 standard method, and then quantified using the 
diphenylcarbazide spectrophotometric method. The amount of water soluble Cr(VI) exceeded the 
allowable EPA U.S. limit of 5 mg/l only in samples (CA+Cr2O3) and (CA2+Cr2O3) in air. 

Introduction 

Refractory materials that contain chromium (III) oxide are known to have excellent corrosion 
resistance and thermal shock resistance, and are therefore widely used in pyrometallurgical 
processes [1, 2]. The Cr(III) in chromium-containing refractories, can however be oxidized to 
hexavalent chromium [2-4]. Cr(VI) is known to be highly soluble in water and toxic, which 
poses a serious threat to the human environment [5, 6]. In the past decades, chromium-free 
refractories have rapidly been developed and successfully applied [7-9]. However, there are no 
alternatives with the same superior slag corrosion resistance. Consequently Cr2O3-containing 
refractories are still being used in waste melting furnaces, gasification furnaces and glass tank 
furnaces [10-12].  
It is thermodynamically favourable to oxidise Cr2O3 to Cr(VI) in the presence of K2O, Na2O, and 
CaO between 25oC and 792oC in air (see Figure 1) [13]. Nishino and Sakurai investigated the 
reactions between synthesized CaO-bearing compounds and Cr2O3 [14]. They found that 
CaO·SiO2 and CaO·2Al2O3, regarded as acidic compounds, do not react with Cr2O3. In contrast, 
basic compounds such as 3CaO·SiO2, 2CaO·SiO2, CaO·Al2O3 and 3CaO·5Al2O3, react with 
Cr2O3 to produce CaCrO4. Lee and Nassaralla [15, 16] reported that the contribution of CaO 
from calcium silicate slag, calcium aluminate slag, or calcium aluminate silicate slag, can lead to 
the formation of Cr(VI) when these slags come in contact with magnesia-chrome refractories.  
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Figure 1. Stability diagram for the formation of Cr(VI)-containing phases from Cr2O3 and 

oxygen [13] 
 
In recent years the most significant trend in refractories has been the increased use of castables 
[17, 18]. Calcium alumina cements are used as hydraulic binders in refractory castables as they 
are fast setting and provide high green mechanical strength [17]. Calcium aluminate cements 
mainly consist of the phases CA (CaO·Al2O3), C12A7 (12CaO·7Al2O3), C3A (3CaO·Al2O3) and 
CA2 (CaO·2Al2O3). It is of great interest to investigate the reaction between these phases and 
Cr2O3 in order to examine the possibility of Cr(VI) formation in low cement, Cr2O3-containing 
castables. 
 

Experimental 
 

Synthesis of pure calcium aluminates 
 
Pure C3A, C12A7, CA and CA2 were produced by sintering stoichiometric amounts of CaCO3 and 
Al2O3. The mixtures were pressed into pellets, 20 mm in diameter. Each sample was placed on 
platinum foil. C3A and C12A7 were sintered twice at 1300oC, each time for 8 h, while CA and 
CA2 were sintered twice at 1450oC. The samples were ground and repressed into pellets after the 
first sinter procedure. XRD patterns of the synthesized C3A, C12A7, CA, and CA2 were 
subsequently compared with the standard PDF cards (see Figure 2). This confirmed that pure 
C3A, C12A7, CA, and CA2 were successfully synthesized in the present experiments. 
 
Reaction between calcium aluminates and Cr2O3 
 
In order to investigate the effect of oxygen partial pressure on Cr(VI) formation, experiments 
were conducted in both air and in pure CO2. The synthesized calcium aluminates (C3A, C12A7, 
CA, and CA2, respectively) were each mixed with 4 mass% Cr2O3, pressed into pellets (10mm in 
diameter), and then fired twice at 1300 oC for 24 hours in air and in CO2 (see Table I).  
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Figure 2. XRD patterns of synthesized C3A, C12A7, CA and CA2  

 
Table I. Experimental parameters 

No. Composition, wt% Atmosphere Temperature 

S1 96%C3A+4%Cr2O3 Air 1300oC 

S2 96%C12A7+4%Cr2O3 Air 1300oC 

S3 96%CA+4%Cr2O3 Air 1300oC 

S4 96%CA2+4%Cr2O3 Air 1300oC 

S5 96%C3A+4%Cr2O3 CO2 1300oC 

S6 96%C12A7+4%Cr2O3 CO2 1300oC 

S7 96%CA+4%Cr2O3 CO2 1300oC 

S8 96%CA2+4%Cr2O3 CO2 1300oC 

 
The samples were reacted in a SiC-heated vertical tube furnace, controlled with a Rex-P96 
controller equipped with a type-S (Pt-10%Rh / Pt) thermocouple. Each pellet was suspended 
from a Pt-20%Rh spiral in the hot zone. The CO2 (>99%) was further purified by passing it 
through a gas cleaning system of copper filings, kept at 300oC, to remove any residual O2. 
 
 
Analysis of the reacted samples 
 
The reacted samples were analysed by XRD using a PANalytical X’Pert Pro powder 
diffractometer with X’Celerator detector and with Co Kα X-radiation. 

857



The leachability of water soluble Cr (VI) in the reacted samples was evaluated according to the 
TRGS 613 standard method [19]. The milled sample (0.5000 g) was suspended in 10 ml of 
distilled water and vigorously stirred for 15 minutes with a magnetic stirrer (stirrer bar 20 mm, 
300 rpm). At the end of stirring, the pH was determined using a CRISON Basic20 pH-Meter, and 
the solution filtered through a 0.45 um membrane filter. The Cr (VI) content in the leachate was 
determined with the 1,5-diphenylcarbazide method. A Perkin Elmer Lambda 750S UV 
spectrometer, using WinUV software, was used for the absorbance measurements.  
  

Results and discussion 
 

XRD analysis 
 
Samples of different colours were produced (see Figure 3). It is known that chromium (VI)-
containing CaO-Al2O3-Cr2O3-based phases are yellow in colour, while chromium (III) -
containing CaO-Al2O3-Cr2O3-based phases are dark green. Samples S2 and S3 turned yellow on 
firing, especially sample S3. It can therefore be deduced that in air Cr2O3 has reacted with C12A7 
and CA to form Cr(VI) in samples S2 and S3. 
 

 
Figure 3. Samples after reacted in CO2 and air 

 
X-ray diffraction (XRD) analysis of the reacted samples S1-S4 in air confirmed that a Cr(VI)-
containing phase, Ca4Al6CrO16 (hauyne), formed in all four samples (see Figure 4).  The XRD 
peaks of the Ca4Al6CrO16 phase in samples S2 and S3 are strong, while those in samples S1 and 
S4 are weak. 
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Figure 4. XRD patterns of samples S1-S4 in air 

 
C3A formed, in addition to Ca4Al6CrO16 (4CaO·3Al2O3·CrO3), in sample S2, while CA2 formed 
together with Ca4Al6CrO16 in sample S3. Hence, the following reations can be proposed, Eq.(1) - 
Eq.(2): 
 
  (1) 
 
   (2) 
 
Quantitative XRD analysis by the Rietveld method (Autoquan Program) confirmed high 
concentrations (>24 mass%) of Ca4Al6CrO16 in samples S2 and S3, while only 7.7% and 4.2% in 
samples S1 and S4, respectively (see Table II). The presence of high concentrations of the 
Cr(VI)-containing phase Ca4Al6CrO16 can explain the yellow colour of samples S2 and S3. 
 

Table II. Phase contents quantified by Autoquan program (mass%) 

Sample 
Phase Composition  

C3A C12A7 CA CA2 Ca4Al6CrO16 

S1 92.31±0.90 - - - 7.69±0.90 

S2 15.17±0.48 58.04±0.75 - - 26.79±0.78 

S3 - - 55.25±0.69 20.31±0.78 24.44±0.54 

S4 - - - 95.80±0.42 4.20±0.42 
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Figure 5. XRD patterns of samples S5-S8 in CO2 

 
The X-ray diffraction (XRD) patterns of the reacted samples S5-S8 in CO2 are presented in 
Figure 5. A new phase Ca6Al4Cr2O15, of which the valence of chromium is +3, formed in 
samples S5 and S6. CA is another new phase that formed in sample S6. For samples S5 and S6, 
the proposed reactions can be expressed by Eq.(3) - Eq.(4): 
 
   (3) 
 
   (4) 
 
The XRD patterns of samples S7 (CA + 4% Cr2O3) and S8 (CA2 + 4% Cr2O3) remained 
unchanged. The Cr2O3 presumably went into solid solution with the CA or CA2, thereby forming 
Ca(Al,Cr)2O4 and Ca(Al,Cr)4O7 according to equations (5) - (6). Chromium exists in the +3 
oxidation state in these solid solutions. 
 
   (5) 
 
   (6) 
 
Leach tests 
 
The filtrate solutions obtained from samples S1-S8 were different in colour (see Figure 6). The 
solutions of samples S3 and S4 were very yellow, which implied that the solutions should 
contain significant amounts of Cr(VI). The Cr(VI) concentrations of samples S3 and S4 were 
146.92 mg/l and 131.91 mg/l, respectively (see Table III). Both of them far exceeded the 
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allowable EPA U.S. limit of 5 mg/l (see Figure 7) [20]. Trace amounts of Cr(VI), 1.94 mg/l and 
2.26 mg/l, were detected in the leach solutions of samples S7 and S8, respectively. The Cr(VI) 
concentrations in samples S1, S2, S5, and S6 were below the detection limit of 0.01mg/l.  

 

 
Figure 6. Filtrate solutions obtained from samples S1-S8 

 
Table III. Leach test results 

Sample S1 S2 S3 S4 S5 S6 S7 S8 

pH 11.48 11.45 11.13 10.80 11.70 11.47 11.50 9.79 

Cr(VI), mg/l <0.01 <0.01 146.92 131.91 <0.01 <0.01 1.94 2.26 

 

 
Figure 7. Cr(VI) concentrations in leach solutions from samples S3, S4, S7 and S8 

 
The leach solutions of all samples were basic, with pH values ranging between 11.70 and 9.79 
(see Table III). The pH slightly decreased from 11.48 to 10.80 in samples S1-S4, and from 11.70 
to 9.79 in samples S5-S8. During the leaching process, the C3A, C12A7, CA and CA2 phases 
presumably dissolved in water as Ca2+ and Al(OH)4+, which lead to a rise in pH [21]. The 
hydration speed of these phases decrease as follows: C3A>C12A7>>CA>CA2 [18, 22]. This can 
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explain why the pH of the leach solutions slightly decreased from sample S1 to sample S4, and 
from sample S5 to sample S8.  
XRD results confirmed that the Cr(VI)-containing phase Ca4Al6CrO16 exists in samples S1-S4. 
However, the presence of hydrated C3A, C12A7 and CA phases has a strong influence on the 
leachability of Cr(VI) [13]. The co-existing hydrated phases encapsulate the Cr(VI) by forming 
Cr(VI) analogue phases 3CaO·Al2O3·CaCrO4·nH2O. The C3A phase in sample S1 and phases 
C3A and C12A7 in sample S2 quickly encapsulated the Cr(VI) , whereby no Cr(VI) (below the 
limit of 0.01 mg/l) could be leached. As the hydration process of CA2 is slow [23], the amount of 
Cr(VI) leached from sample S4 was high (131.91 mg/l), even though the sample only contains 
4.2% Ca4Al6CrO16.  
Compared to the high concentrations of Cr(VI) that leached from samples S3 and S4 (146.92 
mg/l and 131.91 mg/l), trace amounts of Cr(VI) leached from samples S7 and S8 (1.94 mg/l and 
2.26 mg/l). This indicates that less Cr(VI) formed in CO2 than that in air, which agrees with the 
XRD results. 
 

Conclusions 
 

(1)  In air calcium aluminates C3A, C12A7, CA and CA2 react with Cr2O3 to form the Cr(VI)-
containing compound Ca4Al6CrO16, while in CO2, C3A and C12A7 react with Cr2O3 to form 
Ca6Al4Cr2O15, where chromium exists in the 3+ oxidation state. 

 
(2) The amounts of water soluble Cr(VI) that leached from samples (CA+Cr2O3) and 

(CA2+Cr2O3) that were reacted in air significantly exceeded the allowable EPA U.S. limit.  
When reacting these samples in CO2 however, the amounts of Cr(VI) that leached were 
below the EPA U.S. limit. 

 
(3) The hydrated phases of C3A and C12A7 encapsulate Cr(VI) and significantly reduce its 

leachability at high pH (11.5 – 11.7).  
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Abstract 

Chromium is an essential element which contributes to our life activity. However, since the 
hexavalent chromium causes health damage, its content in water is strictly limited below 0.05 
mg/L as the aqueous and soil environment standard values in Japan. The development of
high-efficient stabilization method of the steelmaking slags containing chromium is urgent in order 
to utilize the slags to civil engineering works. In present work, the elution behavior of chromium 
from stainless steelmaking slags was clarified. Then, a principle of prevention of hexavalent 
chromium formation and chromium immobilization by the hydrate formation was discussed. 

Introduction 

Chromium is known as a life activity indispensable element which contributes to glucose 
metabolism and control of serum cholesterol [1]. However, it was reported that the hexavalent 
chromium (Cr(VI)) causes health damages such as contact dermatitis, nasal septum hole, lung 
cancer and paranasal sinus cancer [2]. Therefore, its content in water is strictly limited below 0.05 
mg/L after the elution test of Notification No.46 of Environment Agency as the aqueous and soil 
environment standard values in Japan.  
Since the solubility of Cr(VI) oxide in aqueous solution is extremely high, though the ionic species 
of Cr(VI) changes depending on chromium concentration in solution and pH [3], the Cr(VI) oxide 
in slag is considered to be easily dissolved in solution. In the research concerning chromium 
elution characteristic from steelmaking slag, the Cr (VI) amount eluted from the slag heated in air 
was remarkably high compared with that heated in reducing atmosphere, and was varied with 
heating temperature [4]. Therefore, it  is worried that trivalent chromium (Cr(III)) in the slag 
changes to Cr(VI) during refining and cooling periods in steelmaking process. The Cr(III) and 
Cr(VI) oxides in oxidizing slags exhausted by stainless steelmaking process could be removed by 
carbon in rotary kilns and/or electric furnace. At the steel works which don't have those reducing 
equipments, the slags are conveyed in the special disposal place. The development of high- 
efficient stabilization method of the slags containing chromium is urgent in order to utilize the 
slags to civil engineering works. 
In present work, the mineral phases in chromium-containing slags were identified, and the 
formation mechanism of hexavalent chromium was discussed. From the viewpoint of stable 
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hydrate formation, the hexavalent chromium immobilization was investigated for the purpose of 
the technological development of environment protection. 
 

Experimental 
 
Identification of Mineral Phases in Stainless Steelmaking Slag 
 
The cross sectioned plane of each stainless steelmaking slag, which was sampled in steel plant, and 
synthesized slag was mirror-polished using dry abrasive papers. The mineral phases on the plane 
were identified using SEM-EDS and XRD. The chemical compositions of those slags were 
determined by ICP-AES after alkali-fusion. 
 
Sample Preparation for Elution Test 
 
The synthesized slag was prepared by melting the mixture of CaCO3, SiO2, FeO, Al2O3, Cr2O3 and 
MgO reagents and pure iron at 1873K in MgO crucible under Ar flowing. The iron melt 
contributed to control the oxygen potential of system to that of Fe/FeO equilibrium. After holding 
for 30min at 1873K, the slag was cooled to 1073K at a rate of 150K/h under air, and quenched into 
water. The slag was crushed and classified to less than 0.1mm by sieves.  
In order to synthesize MgCr2O4 and CaCr2O4 compounds, the mixture of MgO and Cr2O3 reagents 
(MgO/Cr2O3 molar ratio = 1) and that of CaCO3 and Cr2O3 reagents (CaO/Cr2O3 molar ratio = 1), 
respectively, were heated at 1873K for 12h under air, and quenched by He gas blowing.  
 
Formation of Cr(VI) Oxide in MgCr2O4 during Heating and Cooling 
 
The mixture of MgO and Cr2O3 reagents (MgO/Cr2O3 molar ratio = 1.1, 10 mg) was heated to 
1673K, and cooled at a rate of 2K/min under air in a thermal gravimetric analyzer. From the 
variation of sample weight with temperature, the oxidation behavior of Cr(III) to Cr(VI) was 
observed. 
 
Procedure of Elution Test 
 
Fifty grams of slag sample was charged in a polyethylene bottle along with 500mL of distiller 
water, and shaked 200 times/min according to the revised method [5] of Notification No.46 of 
Environment Agency [6]. For the immobilization of Cr(VI) ion dissolved from slag, an appropriate 
amount of secondary refining slag (grain size < 0.1mm) and gypsum reagent was also charged in 
the bottle. For a complete immobilization of Cr(VI) and Cr(III) in slag, the slag was mixed with 
secondary refining slag and gypsum reagent, and pressed to a cylindrical shape. This pressed 
sample was hydrothermally treated at 393K for 3h using an autoclave, and crushed to less than 
0.1mm. 
Five grams of MgCr2O4 or CaCr2O4 compound was shaken 200 times/min in 500mL of distiller 
water. In order to investigate the effect of pH value on MgCr2O4 dissolution, the pH value of water 
was maintained to 12.0 by the addition of only a few drops of 1w/v% NaOH solution every 6h. 
The solution was sampled by whole pipette after respective time. After suction filtration with a 
membrane filter, quantitative analysis of Cr(VI) and total Cr (= Cr(III) + Cr(VI)) in filtrate was 
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carried out using Flow Injection method (JIS-K-0170-7). Other elements dissolved from solid 
sample into solution were analyzed using ICP-AES or ICP-MS. 
 

Results and Discussion 
 
Mineral Phases in Stainless Steelmaking Slag  
 
The chemical composition of stainless steelmaking slag are listed in Table 1. The mineral phases of 
CaO-SiO2-Al2O3 system and those containing Cr oxide are also shown in Table 1, where the order 
of area fraction of mineral phases is LL>L>M>S>s. Since MgO-Cr2O3 compounds are identified 
and any compounds of CaO-Cr2O3 system are not observed, it is noted that Cr2O3 combined with 
MgO in these slag composition range.  
 

Table 1. Chemical composition and major mineral phases of stainless steelmaking slags  
(No.1-4) and synthesized slag (S), and secondary refining slag (SR) 

Sample No. 1 2 3 4 S SR 
Chemical 

composition 
(mass%CaO)/(mass%SiO2) 2.03 2.18 2.99 5.18 3.01 2.75 

(mass% Al2O3) 1.9 7.6 6.8 13.9 18.2 6.8 

(mass% T.Fe) 0.5 28.0 7.1 15.0 4.9 1.4 

(mass% T.Cr) 0.4 9.7 2.6 0.8 3.4 0 
Mineral 
phase 

3CaO·SiO2      M 

2CaO·SiO2 LL S L L L M 

12CaO·7Al2O3      S 

2CaO·SiO2·Al2O3  L M M M L 

2CaO·8MgO·2SiO2  L     

MgCr2O4 s      

Mg(Fe,Cr)2O4  M S s S  

Ca4Al6CrO16 s      

Area fraction : LL > L > M > S > s. 
 

Dissolution of Cr(VI) and Cr(III) from Cr-containing Mineral Phase 
 
In the elution test with synthesized MgCr2O4 or CaCr2O4 compound, the variation of Cr(VI) and 
Cr(III) contents in solution with shaking time are shown in Figure 1. In this figure, the pH value of 
the solution with MgCr2O4 and CaCr2O4 becomes voluntarily to be 7 and 11, respectively. Since 
the Cr(VI) and Cr(III) contents dissolved from CaCr2O4 are higher than those from MgCr2O4, it is 
expected that the solubility of CaCr2O4 is higher in solution and Cr(VI) generates more easily 
during heating under air, compared with MgCr2O4. It was reported that MgCrO4 is unstable and 
easily decomposed to MgCr2O4, while CaCrO4 is stable below 1373K [7]. It was also noted that 
CaCrO4 can be easily produced by heating of CaO and Cr2O3 mixture, while MgCrO4 formation 
requires the oxygen pressure more than 12atm at 693K [8]. The reason for an existence of CrO3 in  
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Figure 1.  Variation of Cr(VI), Cr(III) and Ca (Mg) contents in 
solution with shaking time after the elution test of synthesized 
CaCr2O4 or MgCr2O4 compound. 

 
MgCr2O4, as shown in Figure 1, might be explained by the formation of MgO-Cr2O3-CrO3 solid 
solution, in which the activity of CrO3 is very low. 
The results for MgCr2O4 dissolution at pH=12.0, which is normally obtained in elution test using 
high basicity slag, are shown in Figure 2. From the comparison with the data at pH=6.4-6.9, which 
is same as those shown in Figure 1, it is said that Cr(VI) content in solution is not affected by pH 
value of solution, while Cr(III) and Mg content decrease with increasing pH value. The generation 
of Cr(VI) oxide in MgCr2O4 during heating under air is considered to be indispensable. 
 
Formation of Cr(VI) Oxide in MgCr2O4 
 
The weight change of the mixture of MgO and Cr2O3 (MgO/Cr2O3 molar ratio = 1.1, 10mg) during 
heating and cooling is shown in Figure 3. during heating due to the evaporation of adsorbed H2O in 
reagents and decomposition of Mg(OH)2 on MgO surface. Nishio [7] reported that a small amount 
of Cr2O3 evaporated above 1073K. Therefore, it is predicted that the decrement of  above 1073K is 
caused by Cr2O3 evaporation. In the sample quenched at 1673K, only MgCr2O4 phase was identi-
fied by XRD. The mineral phases containing Cr(VI) such as MgCrO4 and CrO3 were not detected, 
probably because the amounts of those Cr(VI) phases were very small. On the other hand, an 
increase in sample weight is found below 1400K in Figure 3. This increment is presumably 
because Cr2O3 in MgCr2O4 are oxidized to CrO3. It is presumed that CrO3 begins to form in 
MgCr2O4 around 1400K during cooling according to Equation (1).  
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Figure 2.  Variation of Cr(VI), Cr(III) and Mg contents with 
shaking time after the elution test of MgCr2O4 compound as a 
function of pH value. 

 

  

Figure 3.  Weight change of the mixture of MgO and Cr2O3 
during heating and cooling under air. 

 
 

MgCr2O4(s) + 3/4O2 = MgCrO4(s) + 1/2Cr2O3(s) (1) 
 
When an excess MgO, which is called “free MgO“, is present in slag, the formation of CrO3 might 
be accerelated following Equation (2). 
 

MgCr2O4(s) + MgO(s) + 3/2O2 = 2MgCrO4(s) (2) 
 

To minimize Cr(VI) formation, slag should be cooled rapidly from 1400K, or cooled in inert 
atmosphere. 
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Dissolution of Cr(VI) and Cr(III) from Slag 
 
In the elution test using the synthesized slag S listed in Table 1, the variation of total Cr and Cr(VI) 
content in solution with shaking time was obtained. The results are shown in Figure 4 (● marks). 
Both contents of total Cr and Cr(VI) in solution are higher than 0.05ppm, which is the aqueous and 
soil environment standard values in Japan. The reason for the dcrease in both contents after 6h 
shaking might be the formation of CaO-SiO2-H2O (C-S-H) gel in solution. The details will be 
explained in next section. 
 

 
Figure 4.  Variation of total Cr and Cr(VI) contents in solution 
dissolved from synthesized slag (●), the mixture of slag, 
secondary refining slag and gypsum (∆), and hydrothermally 
treated mixture of slag, secondary refining slag and gypsum (○). 

 
Immobilization of Cr(VI) and Cr(III) 
 
It was reported in the research field of hydration of cementitious materials that harmful elements 
could be absorved in C-S-H gel, (tricalcium)-Aluminate Ferrite∙tri(sulfate, hydroxide, etc.)∙ 
(hydrate)-phase (AFt phase), and (tricalcium)-Aluminate Ferrite∙mono(sulfate, hydroxide, etc.)∙ 
(hydrate)-phase (AFm phase) [9]. Fluorine ion dissolved from steelmaking slags was immobilized 
by the addition of calcium aluminate and calcium silicate [10]. The addition of Gypsum along with 
CaO-SiO2 compound or secondary refining slag, whose major mineral phases were 2CaO∙SiO2, 
3CaO∙SiO2 and 2CaO∙SiO2∙Al2O3, significantly immobilized fluorine ion by the formation of 
C-S-H-SO4

2- gel [8]. After a hydrothermal treatment of the mixture of steelmaking slag, gypsum 
and secondary refining slag, fluorine in slag became insoluble [11].  
Following these investigations, gypsum reagent and secondary refining slag SR listed in Table 1 
were mixed with synthesized slag S in mass ratio = 0.6:1.4:3.0. The results obtained by the elution 
test using this mixture are shown in Figure 4 (∆ marks). It is favorable that the contents of both 
total Cr and Cr(VI) were lower than 0.05ppm. The reason for this phenomena is expected as a 
formation of C-S-H-SO4

2- gel. 
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The effect of hydrothermal treatment on the dissolution of Cr(VI) and Cr(III) from the mixture of 
slag, gypsum reagent and secondary refining slag are also plotted in Figure 4 by ○ marks. It is 
found that Cr(VI) in slag is completely immobilized, and Cr(III) in slag becomes stable. From this 
tendency, it is suggested that the stable hydrate containing Cr(VI) and Cr(III) can be constracted 
during hydrothermal treatment using gypsum and calcium silicate. 
 

Conclusions 
 
For the utilization of stainless steelmaking slags to civil engineering works, the formation and 
immobilization mechanisms of hexavalent chromium was discussed. The conclusions are 
summarized as follows. 
1) The major mineral phases containing chromium were MgCr2O4 and Mg(Cr,Fe)2O4 in stainless 

steelmaking slags used in this work. 
2) The generation of Cr(VI) oxide in MgCr2O4 and CaCr2O4 compounds during heating under air 

is considered to be indispensable. 
3) The amounts of Cr(III) and Cr(VI) dissolved from MgCr2O4 were smaller than those from 

CaCr2O4.  
4) Since the formation of CrO3 in MgCr2O4 started at around 1400K during cooling, slag should 

be cooled rapidly from 1400K, or cooled in inert atmosphere in order to minimize Cr(VI) 
formation. 

5) The addition of gypsum and secondary refining slag reduced the contents of Cr(III) and Cr(VI) 
in solution due to the formation of C-S-H SO4

2- gel. 
6) The dissolution of Cr(VI) and Cr(III) from slag were prevented by hydrothermal treatment 

using gypsum and calcium silicate. 
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Abstract 

For the recovery of aluminium from industrial waste bottom ash, a new concept was developed for smelting 
reduction in presence of metal solvent bath. Nitrogen plasma arc was generated by passing current and 
nitrogen gas through a hollow graphite electrode. Nitrogen plasma generated heat for reduction as well as 
melting under inert atmosphere inside the furnace. Pellets containing 50%bottom ash, 50% iron slime and 
charcoal were fed in the  plasma zone above the liquid steel bath which was acted as for the absorption of 
reduced metals after reduction of oxides present in the wastes. Due to the immediate absorption of 
aluminium in the liquid steel bath after subsequent reduction from waste, vaporization loss of aluminium 
metal got minimized. The percent recovery of aluminium were determined in case of different exposure 
time, types of arcing and plasma gas etc. Maximum recovery of aluminium was recovered upto 21% with 
30 minute exposure of pellets containing 50% bottom ash and 50% iron slime. It was observed that 
aluminum, could be recovered effectively from the wastes. 

KEYWORDS: Industrial wastes, Smelting reduction, Aluminium recovery, Recovery of metals 

Introduction 

Recycling of industrial wastes is gaining popularity due to their adverse impact on environment day by day. 
Value added materials recovery from the wastes could be a right choice of recycling [1]. Countries having 
shortage of bauxite ore for production of aluminum, trying to recover aluminium from coal combustion 
residues as a replacement of bauxite ore [2]. The commercial technology for aluminum production includes 
production of alumina from bauxite and smelting reduction of alumina to aluminum. Carbothermic 
reduction of alumina is only the alternative economical method for aluminum or alumino-alloy production.
It could be replace ‘Hall–Heroult’ process, due to advantages like simplicity of the process, lower cost and 
raw materials requirement. This process also reduce energy consumption, capital costs and CO2 emissions.
It has no fluoride emission and decrease overall operating costs by 25–30% [3-5]. 
In 2010, Wang et al. (2010) produced a high aluminum alloy at 2573–2773K (2300-2500°C) by an electric 
arc furnace reducing bauxite flotation tailings. They observed aluminium silicon alloy formation at high 
temperature ~ 2073K (1800°C) temperature [6].
Like bauxite floating tailings, bottom ash, produced from coal burning thermal power plants has also major 
constituencies are silica, alumina. The major crystalline phases presents in bottom ash are mullite and with 
varying contents of unburnt carbon. With the diminishing of bauxite resources as well as the increase in 
alumina demand, the profitable industrial utilization of coal bottom ash in alumina recovery has attracted 
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extensive attentions. Mullite phase having strong alumino-silicate bonding requires more energy to break 
[7]. 
 
Pickles et al, 1990 was melted fly ash by argon plasma in an extended arc flash reactor (EAFR) and 
recovered Silicon and iron was successfully [8]. Due to high temperature he could not recovered aluminium 
which became vaporized. 
In the present work, an effort was made to recover aluminum from the smelting reduction of bottom ash 
under nitrogen plasma arc condition. Carbothermic reduction was done in a neutral atmosphere of nitrogen 
in presence of solvent metal bath.  
 

Experimental 
 

Materials 

The bottom ash was collected from the thermal power plant of DPL, Durgapur, India having pulverized 
coal combustion facility boiler. The mild steel scrap and wood char was used for liquid steel bath and as a 
reducing agent. The analysis of raw material used is mentioned in Table 1. Pulverized charcoal of (-0.5mm) 
was used with bottom ash in stoichiometric ratio of required carbon content for reduction of oxides. Mixture 
of 50% slime and 50% bottom ash and charcoal powder was send to a disk type pelletizer ( diameter 760 
mm, rim height 120 mm, disk angle 45°, r.p.m. 20) for making pellets. Addition of 5% bentonite was done 
for increasing pelletizing efficiency and providing green strength of the pellets. Green pellets were dried at 
383K (110°C) for 4 hours for moisture removal as well as getting adequate strength for further processing. 

 
Table I: Raw materials analysis (weight %) 

 
Bottom ash Wood char Iron slime  Mild steel scrap 

SiO2 70.04 V.M 33.72 SiO2 31.36  C 0.04 
Al2O3 22.05 Ash 5.80 Al2O3 24.11  Si 0.10 
Fe2O3 2.49 F.C 60.48 Fe2O3 42.09  Mn 0.80 
MgO 1.18   CaO 0.0147  S 0.03 
CaO 0.76   P2O5 1.48  P 0.04 

 
 
Equipment 
 
The plasma arc furnace was fabricated indigenously having 0.08 m diameter and 0.10 m deep chamber of 
magnesite lining with embedded graphite block at the bottom as described in our previous work [9]. 
Graphite block was drilled to make crucible inside the chamber for melting. A single phase AC current 
giving 30kVA power, was supplied to the unit for arc generation. The generation of plasma was done by 
passing nitrogen through the hollow graphite electrode to near arc zone. After various trail, the nitrogen gas 
flow rate was fixed to 6.67×10-5 m3/s during charging of pellets to get smoother arc. During the preparation 
of melting steel bath, solid electrode was used to save the ionizing gas. 
 
Melting procedure 
 
With the help of solid electrode, 1 kg steel scrap was melted first. Solid rod was replaced by hollow one 
after preparing complete liquid steel bath for starting of plasma. Addition of pellets at the plasma zone 
gradually through hopper fitted above the furnace was done to reduce the pellets. After complete dissolution 
of pellets, sample was taken out in different time intervals for composition analysis. 
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Results and Discussion 
 

Effect of Exposure time 
 
Metal composition of different exposure time as well as slag produced after 80 minutes exposure time is 
given in Table 2. Only 10 grams of slag was produced after final exposure time (i.e. 80 minutes) .Effect of 
exposure time on recovery of aluminium in plasma arc environment is shown in Figure 1. 
 

 
 

Table 2: Composition metal sample after smelting reduction (wt.%) 
Exposure time 

(minute) Metal Composition Slag 
composition Exposure time 10 20 30 40 50 80 

Si 2.00 1.98 1.83 1.74 1.71 1.72 11.68 

Al 0.081 0.121 0.193 0.145 0.125 0.064 33.74 

Fe 95.30 95.50 95.70 95.80 95.90 96.10 1.530 

P 0.118 0.140 0.106 0.103 0.102 0.108 3.860 

Ti 0.079 0.072 0.06 0.060 0.060 0.052 0.436 

S 0.050 0.045 0.030 0.030 0.030 0.029 0.198 

Mn 0.487 0.489 0.501 0.521 0.541 0.487 0.158 

C 1.61 1.58 1.54 1.46 1.43 1.36 0 

 
From the figure it is evident that, increasing the exposure time initially recovery increases than gradually 
decreases. This is due to increasing exposure time, the reduction of alumina to aluminium increases and 
goes to the liquid steel bath. Over exposure time aluminium got vaporized, therefore reduced recovery level. 
 

 
 

Figure 1: Effect of exposure time on recovery of aluminium 
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Effect of Plasma type 
 
To know the effect of plasma, on recovery of aluminium one heat was done by sending no plasma gas (i.e. 
nitrogen through the electrode. For the same exposure time (30 minute) the recovery of aluminium in case 
of plasma arc shows more than non-plasma arc melt. In plasma arc, the heat generation is more than normal 
arc, resulting more recovery of aluminium metals which reduced from alumina at very high temperature 
(Figure 2). 

 
Figure 2: Effect of plasma gas on recovery of aluminium 

 
 
Effect of arc condition 
 
To show the effect of arc condition one heat was done by charging total pellets in one time so that the arc 
got submerged by the pellets completely and same exposure time was given (i.e. 30 minutes). In case of 
submerged arc, more heat generates and metals are not exposed in the atmosphere directly which protects 
the aluminium from oxidation, resulting more recovery (Figure 3). 
 

 
Figure 3: Effect of arc condition on recovery of aluminium 
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Conclusions 

 
From the present feasibility study it is proved that, smelting reduction of Bottom Ash is effective alternative 
for multi-metallic component recovery. The plasma smelting in presence of liquid steel bath can recover 
metals having lower melting points such as aluminium, although reduction of alumina occurred at such 
tremendous high temperature. Plasma arc creates the furnace environment inert, which decreases the 
oxidation loss of metals. When arc became totally submerged by pellets, recovery yield increases. Recovery 
of Al increases with increasing time then decreases.  
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Abstract 

A critical review of the technical literature on slag chemistry in lead recycling is presented.  
Laboratory methods used to improve our understanding of these systems is described. Ongoing 
investigations in the Kroll Institute for Extractive Metallurgy are presented. 

Introduction 

In 2015, about 86% of smelted North American lead came from secondary sources (1,800,000 
short tons). Of that, 95% came from spent lead-acid batteries. The other 14% of production came 
from smelting of primary lead (290,000 st). No primary smelting occurred in the United States,
although lead concentrates are still produced. Compared to 1980, the percentage of secondary 
output has increased from 50% and the proportion from batteries has risen from 70% [1]. Given 
the importance of lead battery recycling to the US lead supply this paper presents a review of 
lead slag chemistry and behavior, past experimental methods to study lead slags, and recent 
advances at the Kroll Institute for Extractive Metallurgy.  

A description of the lead battery recycling process shown in Figure 1 is required. The contents of 
a lead-acid battery are the sulfuric acid and lead sulfate battery paste, the metallic and oxidic lead 
grid parts, the plastic battery casings, and the silica separators. Although the methods have 
changed over the years and vary from plant to plant, the batteries must initially be broken and 
separated. Acid is recovered and sold, casings are melted and extruded into new plastics, and 
separators are fluxed in the furnaces and the grid parts are fed to the reverberatory furnace. 
Historically the paste was also directly fed to the reverb, where it would form a matte phase, but 
due to concerns with sulfur dioxide generation, the paste material is now desulfurized. This is 
commonly done with soda ash and leads to a marketable sodium sulfate product. The lead 
continues to the furnace as a carbonate: 

 (1) 

In the reverb, lead is reduced, while impurities like antimony, arsenic, and tin are slagged. Dross 
can form when lead sulfide crystallizes out of the cooling bullion. The reverb process leaves 
much lead oxide in the slag, so it is then sent to a blast furnace for reduction. The lead products 
are then impurity-free “soft” lead and impurity-containing “hard” lead.
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Figure 1. The Lead-acid Battery Recycling Process. 

Historical Blast Furnace Slags 

Operation of a Lead Blast Furnace 

The first smelting metallurgists brought the blast furnace to the western US from Germany [2]. 
An objection to early reverb furnaces was considerable valuable metallurgical losses to smoke. 
Blast furnace baghouses are able to retain this value. Thus, the blast furnace came into use.  

A lead blast furnace operates at a lower temperature and with a lower coke requirement than an 
iron blast furnace [3]. They are generally rectangular with tuyeres along the long side. Magnesia 
brick typically composes the crucible lining. Because the conditions are not strongly reducing, 
iron oxide is maintained in the slag. Scrap iron will reduce the lead according to: 

  (2)

There can be up to four products from the lead blast. The crude lead bullion contains the lead. 
Sulfur, if desulfurization is not used, will create a matte that will attract the copper. Antimony 
and arsenic in excess may react with iron to form a speiss, which will contain cobalt and nickel. 
Lead and antimony can both be reduced by iron: 

 �  (3) 

 �  (4) 

Any less-noble impurities will slag out, but because the change in free energy about 900°C is 
only slightly negative, substantial lead oxide will also be contained in the slag. With no 
desulfurization (historical practice), CaO-FeO-SiO2 slag will melt around 1200°C and the lead at 
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330°C. When modern desulfurization occurs, the sodium content creates a Na2O-FeO-SiO2 slag. 
Both are corrosive and are contained in the lower part of the hearth with water cooled steel plates 
onto which the slag solidifies and forms a lining. It should be removed as quickly as possible 
because it can only cool and create operational troubles. 

Changes in Slag Characteristics Caused by Additives 

The effects of many additives to slags have been determined qualitatively through years of 
practice [4]. Keeping the slag easy to handle without containing too much lead has always been 
and continues to be the smelter’s biggest struggle. While the thermodynamic and metallurgy of 
lead systems hasn’t changed over the last hundred or so years, the constraints to the metallurgists 
have. Conversion to lead carbonate has a significant change in the chemistry of the final slag and 
leads to little to no matte production. While desulfurization decreases lead losses, the slags can 
contain enough to not pass the TCLP. A similar result can be achieved with modern addition of 
barite. 

Lime rejects lead sulfide from the slag and reduces it to metallic lead. Replacing lime with barite 
gives a lower temperature and more-fluid slag. Barite also mitigates difficulties with magnesia 
and zinc oxide. However, modern practice would stray from adding more barite to the system, 
because when it ends up in the slag it can lead to failure of the TCLP. Barium produces a deep 
green flame over the slag and matte, a stony appearance, and a large amount of matte. 

Too much alkaline earths or too much zinc can “freeze” a blast furnace [2]. A low silica high-
lime slag is a dangerous sign that the furnace is about to freeze. Magnesia will produce a stony 
slag that fuses hard, raises the formation temperature, and makes the slag “pasty.” 

A slag that is curdy, short, brittle, rapidly cooling, and does not leave a string on the bar has too 
much lime. Low silica a high iron or lime slags will not fuse but instead become curdy. These 
slags break short, do not make strings, produce round drops, fall quickly, form a heavy shell, 
quickly chill matte boxes, are bad for the tuyeres, tap hard, and are prone to freezing up the 
furnace. 

When lime is substituted by alumina, the formation temperature of the slag is raised. But when 
alumina replaces silica, the temperature is lowered. This is due to alumina’s amphoteric nature in 
slags. A ‘lazy’ slag with an oily stream contains a “safe” amount of silica. Low silica and high 
magnesia and zinc cause a curdy, fast-cooling slag. The shell spits as the slag in the pot darkens 
in color. Alumina increases the viscosity of the slag and makes it stringy and wavy.  

Iron and manganese raise the formation temperature, but reduce lead and other sulfides and 
prevent lead oxide from combining with silica. Iron slags zinc oxide. Zinc will be signified by 
white smoke and volcanoes on top of the cooling slag exhibiting a yellow (sulfur-like) coat. 
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Potash and soda produce tough slags with high amount of lead. High copper will cause more lead 
to be contained in the matte. A high copper matte can be a valuable product; either re-smelted or 
sold. 

Wrinkly, fish-scale-like liquid slags will produce a thick brittle shell and freeze up the furnace. A 
slag with a warty surface and inclusions of unfused particles into the underside of the shell is 
produced when fines sink through the furnace. 

Characterization of Lead Slags 

Beyke characterized slags from three secondary operations: (A) one using a reverb then blast 
furnace, (B) one using only a blast furnace, and (C) one using a reverb and blast furnace after 
desulfurizing the feed [5]. Nominal slag compositions were 15-30 wt% CaO, 25 to 25% FeO, 
and 30-35% SiO2, with minor concentrations of 1-3 wt% Pb, 2-4% S, and 1-8% Na. The mattes 
were 25-25 wt% Pb, 35-45% Fe, and up to 25% S.  

Slag A contained silicates of calcium and iron as the major phases, magnetite, and metallic lead. 
SEM images showed that the lead was not found as a silicate, but as entrained metallic particles. 
The associated matte contained pyrrhotite and magnetite with spheres of metallic lead often 
rimmed with galena.  

Similar dominant phases were found for slag B, except that the metallic lead particles were larger 
(25 μm up from lows of 2-3 μm). They also contained subparticles containing other elements: 
antimony, calcium, and chlorine (from casings). The matte was more complex, with iron oxides 
and sulfides growing around galena unassociated with metallic lead.  

The desulfurization process resulted in no matte to accompany the third slag, which contained 
approximately 3% S – in the same region as slags A and B. Phase identification was difficult 
because of the amorphous, glassy quality of the slag. In this slag, the lead particles were 
embedded in iron oxides, sulfides, and sulfates.  

Slags in the Laboratory 

Jak and Hayes summarized many types of experiments that are performed in order to study 
various characteristics of slags [6]. A common theme among these experiments is that 
laboratory-based binary or ternary phase systems can only be at best an approximation of their 
industrial counterparts. These diagrams are much easier to represent using two- and three-
dimensional diagrams. 

When designing these experiments, material selection and sample preparation must be done 
carefully in order to obtain equilibrium (and not metastable) phases at the desired conditions. 
Containment of experiments and their products must be carried out with solubility, nobility, and 
reactivity of those materials and products in mind.  This can often limit the materials and 
atmospheres available for experiments.  
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Table I. Methods and Suitability for Study of Oxide Systems. From [6]. 
Methods Suitability for oxide systems 

STATIC METHODS 
Electrochemical Thermodynamic props (e.g. ai, ΔG, ΔS) 

Vapour Pressure 

Knudsen – low metal vapour pressure, non-aggressive slags 
Reactive gas equilibration – low metal vapour pressure – PO2 
control 
Isopeistic equilibria - high metal vapour pressure 

X-Ray powder Diffraction 
(XRD) 

Phase detection/identification; Extensive solid solutions – lattice 
parameters at temperatures 

Hot stage microscopy Liquidus of low vapour pressure systems, transparent liquids 

Calorimetry 

Enthalpies, ΔH 
- of formation 
- of solution 
- of phase transition 

Equilibration/quench/analysis 
techniques 

Liquidus of high viscosity liquids (e.g. high silica slags); solid 
state phase equilibria 

DYNAMIC METHODS 
Thermogravimetric Analysis 
(TGA) 

Gas/solid; Gas/liquid reactions 

Differential Thermal 
Analysis (DTA) 

Rapid phase transitions (m.p. of congruently melting 
compounds) 

 Liquidus/solidus of low viscosity liquids 
 

Part of that design can be done using computer simulation methods.  These new computer 
modelling techniques combined with critical examination of previous data can bring to light 
inconsistencies and inaccuracies with even the most highly-regarded of data sets. Software which 
analyze multiphase equilibrium systems with databases include Thermo-Calc, FACT, 
ChemSage, MTDATA, and GEMINI2. Solution models and data assessment has been performed 
by SGTE (Scientific Group Thermodata Europe). FACTSage and ChemApp combine 
thermodynamic databases in a more user friendly experience, while Thermo-Calc and DICTRA 
combine thermodynamic databases with kinetic models. The Flood- Grjotheim model and the 
above packages  were discussed by Gaye and Lehmann [7].  

According to Jak and Hayes, electron probe X-ray microanalysis (EPMA) is the preferred 
technique for phase identification and measurement, with XRD as a complimentary method. 
Energy-Dispersive Spectrometry (EDS) is not suitable for accurate phase determination, but 
Wavelength Dispersive Detectors (WDD) may be used for accurate chemical analysis. 

Experimental Methods for Lead Slag Characterization 

Battle and Hager studied the viscosity of lead slags using a rotational viscometer [8]. Their setup 
used an alumina crucible and a quartz reaction vessel and operated between 1150 and 1350 °C in 
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a nitrogen environment. They also performed partitioning experiments, cautioning against the 
use of their data outside the composition ranges specified.  

 
Figure 2. Experimental Setup Used by Battle and Hager, [8]. 

Reddy and Zhang also created and studied lead slags with a viscometer, this time employing a 
graphite crucible and argon environment from 1050-1300 °C [9].  

 
Figure 3. Experimental Setup Used By Reddy and Zhang, [9]. 

884



 

 

Their work focused not only on the temperature dependence of viscosity, but on the composition 
dependence, particularly the effect of similar actors whose characteristics may be lost when 
grouped simply as “chain breakers” and  “chain modifiers” [10].  

An Archimedean spindle can be used to calculate the density of these slags at molten 
temperatures. The weight change of the immersed spindle (designed to minimize surface effects) 
relates to the exerted on the spindle, from which the density can be calculated. Such a design was 
used when examining the vitrification of iron phosphate containing radioactive wastes [11].  

Fisher and Bennington examined the partitioning behavior of minor elements [12]. Minor 
element (silver, cadmium, zinc, and cobalt) distributions were found to be insensitive to changes 
in calcium ferrite slag composition over the ranges examined in that study. The composition did 
affect melting and fluidity characteristics, however. The calcium ferrite slags held <1wt% lead, 
which was much better than the 6% in iron silicate slags. 

 
Figure 4. Experimental Setup Used By Fisher and Bennington, [12]. 

Hollitt measured Lead oxide activities in conventional and direct smelting slags at 1200°C [13]. 
Much higher coefficients than previously reported were obtained and were attributed to 
interactions between iron and lead oxides. The authors stated that the most suitable methods for 
measuring the activities of PbO are those using a stabilized zirconia solid electrolyte. Assuming 
ideal solution behavior of the silicates allowed for significant interactions between dissolved 
oxides. Gas-phase PbO vapour equilibrium was considered in the experimental setup. While the 
slags were 2.3 wt% Pb, the dissolved lead was only 0.64 wt%, with the rest being prills of 
metallic lead.  
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Figure 5. Experimental Setup Used By Hollitt, [13]. 

Environmental Concerns of Slag Constituents 

As was discussed earlier, constraints for operation of a blast furnace and disposal of waste 
generated are different in the modern era as composed to those of a hundred years ago. In the 
United States, the Environmental Protection Agency sets the regulatory limits for certain toxic 
elements and compounds [14].  

Table II. TCLP Inorganic Elements 

Contaminant Regulatory 
Level (mg/L) 

Arsenic 5.0 
Barium 100.0 

Cadmium 1.0 
Chromium 5.0 

Lead 5.0 
Mercury 0.2 
Selenium 1.0 

Silver 5.0 
 

The Toxicity Characteristic Leaching Procedure (TCLP) is the standard determinant for toxic 
elements that slags must pass to be disposed of in landfills. It involves a buffered or non-buffered 
acetic acid leach, depending on sample composition  [15]. However, alternatives have been put 
forward because industrial wastes are not typically disposed of in common landfills. One such, 
the Synthetic Precipitation Leaching Procedure was developed to simulate acid rain using a 
combination of nitric and sulfuric acid. [16] 
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Slags of the CaO-FeO-SiO2 system have been tested to determine the behavior of such toxic 
elements [17]. Slags were constructed and doped with arsenic, antimony, cadmium, chromium, 
and zinc, and leached according to the TCLP. When slow-cooled slags were analyzed, they were 
found to be crystalline with toxic elements distributed among the lower melting point phases. 
The cadmium was found to volatilize during the melt. According to that research, arsenic and 
antimony are best contained in basic slags while zinc and chromium are stabilized in acidic 
melts.  

Ongoing investigations at the Kroll Institute for Extractive Metallurgy 

The Kroll Institute for Extractive Metallurgy is researching the fundamental characteristics of 
Na2O-FeO-SiO2 slags. The testwork being performed consists of high-temperature viscosity and 
density measurements; partitioning of species between metal, slag, and vapor phases; and 
leachability of elements according to the TCLP.  
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Abstract 
Silicate slags produced from smelting copper concentrates contains valuables such as Cu and Fe 
as well as heavy metals such as Pb and As which are considered hazardous. In this paper, various 
slags were characterized with several techniques: SEM-MLA, XRD, TG-DTA and ICP-MS.  A 
recovery process was developed to separate the valuables from the silicates thereby producing 
value-added products and simultaneously reducing environmental concerns. Results show that 
the major phases in air-cooled slag are fayalite and magnetite whereas the water-cooled slag is 
amorphous. Thermodynamic calculations and carbothermal reduction experiments indicate that 
most of Cu and Fe can be recovered from both types using minor amounts of lime and alumina 
and treating at 1350°C (1623K) or higher for 30 min. The secondary slag can be recycled to the 
glass and/or ceramic industries. 

1. Introduction
    Over the years, a large amount of slag has been produced because of the increased demand for 
copper. About 80% of the world’s copper is produced from sulfide ores by concentrating, 
smelting and refining [1,2]. During copper smelting, two liquid phases are formed, namely a 
copper-rich matte and a slag [3].  It is estimated that, for a ton of copper produced, 2.2 to 3 tons 
of slag is generated [2-5]. These molten copper slags are dumped near the smelter site and is 
either allowed to cool slowly under air forming a dense, hard crystalline product or granulated 
with water resulting in a glassy, amorphous material.

Copper smelted slag typically contains about 1% copper (Cu) and 40% iron (Fe) with the 
balance being significant amounts of silica (SiO2) and minor amounts of other elements (e.g., 
zinc, Zn; molybdenum, Mo; lead, Pb; and arsenic, As). Some of these minor elements can be 
deleterious to the environment. Notwithstanding this negative aspect, the copper slag does 
contain valuables which can be recovered by recycling the slag, hence mitigating its negative 
impact by producing economic benefits and returning the affected site to its near-natural setting 
after the slag is removed. 
    Metal recovery from the copper slag in this study was performed at a high temperature with 
graphite as a reducing agent and some fluxes to adjust the slag properties. Based on their 
thermodynamic stability, the carbothermal reduction is able to produce a Cu and Fe rich alloy as 
a pig iron as well as a secondary slag herein referred to as glass for simplicity purposes.  

2. Thermodynamic calculations
    In this study, theoretical thermodynamic calculations of chemical reactions, binary alloy phase 
diagrams of Cu-Fe-C-Si-Mo-As systems and CaO-SiO2-Al2O3 ternary phase diagrams were 
considered thoroughly using a typical slag composition. 
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     2.1. Selection of slag forming system  
    Based on the pyrometallurgical principles, the overall reduction reaction of waste copper slag 
by carbon can be illustrated simply by the following equation: 

Copper slag + Carbon + Fluxes = Pig iron + Glass + Gas 
In order to improve the productivity of metal, fluxes such as CaO, Al2O3, and Na2O, are usually 
added in the system. In the reduction process, the oxides (and sulfides) of Fe and Cu would be 
reduced to form pig iron. Other oxides of Mo, P and As would also be reduced and dissolved into 
the pig iron along with small amounts of silica. Carbon is typically saturated in the molten iron-
based alloy, while zinc and lead oxides in waste slag would be vaporized. 
    Fig. 1 shows that the phase diagrams of Fe-Cu, Fe-Mo, Fe-Si, Fe-P, and Fe-As, as well as Cu 
content variation with temperature in Fe-Cu-C system [6-10]. It indicates that ~10% copper can 
be dissolved into the liquid phase at 1573K (Fig. 1a), while the solubility of copper increases 
with decreasing of carbon content and temperature increase (Fig. 1b). Silicon and molten iron at 
high temperature are miscible (Fig. 1d) but silicon can decrease the solubility of carbon in 
molten iron [3]. Phosphorous exists in the pig iron in the forms of Fe2P and Fe3P (Fig. 1e). 
Arsenic has similar behavior with that of phosphorus (Fig. 1f) and would be completely reduced 
and dissolved in the pig iron [11]. 

A) 

 

B) 

 

C) 

 

D) 

 

E) 

 

F) 

 

Fig. 1 Phase diagrams of alloys [6-10] (a) Cu-Fe; (b) Effects of T and C content 
on Cu content;  (c) Fe-Mo; (d) Fe-Si; (e) Fe-P; and (f) Fe-As. 
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    Considering the overall slag forming system and reaction temperature, CaO, SiO2 and Al2O3 
are the major components in the waste slag so only the iron oxides would be reduced. After 
modifying the chemical composition of the slag, their approximate positions of various slags 
present in the CaO-SiO2-Al2O3 phase diagram are shown in Fig. 2 [12]. The chemical 
composition of the original copper slag sample is plotted in Fig. 2 along with that of a typical 
Blast Furnace (BF) ironmaking slag.  
    It can be seen from Fig. 2 that there are two areas with low melting points less than 1573K, 
i.e., Slag I after reduction and Slag II after reduction (marked areas). The advantages for this 
targeted slag composition are mainly due to its lower melting point (the lowest melting point is 
~1443K) and possibly higher silicon in pig iron which is essential for its fluidity. However, in 
the area for Slag I after reduction, since the final slag phase has a lower basicity (B) 
(%CaO/%SiO2 = 0.4~0.5 at ~25% CaO, ~60% SiO2 and ~15% Al2O3), the desulphurization ratio 
of the slag would be reduced and could also seriously corrode the refractory lining of the 
smelting furnace. Therefore, it is also suggested that Slag II after reduction be examined as a 
second targeted final slag area.  This has a basicity of ~1.0-1.2 and a composition of ~40% CaO, 
~40% SiO2 and ~20% Al2O3 [12]. This might be good for impurities removal from the pig iron. 
Moreover, because the alumina content in Slag II is higher than that of Slag I, a higher strength 
slag could result assuming that property is important to have.     
    Moreover, Maweja et al. suggested that a good viscosity of less than 5 poise of the slag would 
be easy to separate the slag and molten metal [13]. According to the viscosity diagram of CaO-
SiO2-Al2O3 at 1673K (Fig. 3), it is possible to obtain the Slag II composition after reduction. 

 

 

Fig. 2 Phase diagram of CaO-SiO2-Al2O3 [12]. 

Original copper slag 

      Slag I after reduction 

       Slag II after reduction 

 Blast Furnace slag 
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Fig. 3 Viscosity diagram of CaO-SiO2-Al2O3 at 1673K (Poise) [13]. 
 

      2.2. Chemical reactions in the reduction system 
    The chemical composition of the copper slag is very complex and it mainly exists as oxides or 
sulfides in the slag [5,14]. Many chemical reactions would occur in the reduction systems, such 
as the direct and indirect reduction of oxides or silicates (see Table 1) as well as the reduction of 
oxides by molten iron.  Table 1 shows that most of the major oxides (except silica) in the slag 
can be directly reduced by carbon, only iron oxides can be reduced indirectly with carbon 
monoxide. Moreover, the on-set temperatures of these chemical reactions would decrease when 
the fluxes are added in the reduction system. The reduction temperature can be set as >1623K 
after considering the possibility of reduction reactions, melting point and viscosity of the final 
slag. 
 

3. Materials and methods 
3.1. Materials 

    In this study, copper slags from the inactive Anaconda Copper Company smelter in Anaconda, 
Montana and the active Freeport McMoRan smelter in Miami were used.  Samples obtained 
from both sites had size distributions ranging from .015 to .323 inches. 

3.2. Methods 
3.2.1. Chemical characterization 

    Elemental compositions of the slags were measured by the Montana Bureau of Mining and 
Geology (MBMG) using inductively coupled plasma mass spectrometry (ICP-MS) after lithium 
tetraborate fusion and acid digestion with 5% hydrochloric acid. Results are shown in Table 2 as 
oxide or element in weight percent. 

3.2.2. Mineralogical characterization 
    The slags were analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM), 
and thermogravimetric and differential thermal analysis (TG-DTA) 

3.2.3. XRD 
    X-ray diffraction (XRD) was carried out with a Rigaku Ultima IV X-ray Diffractometer using 
Cu-Kα radiation at 40kV and 40mA.  Results were analyzed using Rigaku PDXL software (Fig. 
4 is presented and discussed later). 
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Table 1 Major chemical reactions in the carbothermal reduction system [15]. 

No. Chemical reaction ∆Go(J/mol) On-set T(K) 
1 Cu2O(l) + C(s) = 2Cu(l) + CO(g) 9410-122.31T 76.9 
2 Fe3O4(s) + C(s)= FeO(s)+ CO(g) 207510-217.62T 953.5 
3 1/2MoO2(l) + C(s)= Mo(l) + CO(g) 161120-173T 931.3 
4 ZnO(l) + C(s)= Zn(l) + CO(g) 231902-187.55T 1236.5 
5 PbO(l) + C(s)= Pb(l) + CO(g) 73520-158.79T 463.0 
6 FeO(l) +C(s) = Fe(l) + CO(g) 141740-140T 1012.4 
7 SiO2(s) + 2C(s) = Si(s) + 2CO(g) 675889-363.71T 1858.3 
8 2FeO.SiO2(s) + C(s) = Fe(s)+ SiO2(s) + CO(g) 354140-341.59T 1036.7 
9 Cu2O(l) + CO(g) =2Cu(l) + CO2(g) -161380+52.24T 3089.2 
10 Fe3O4(s) + CO(g) = FeO(s) + CO2(g) 35380-40.16T 881.0 
11 1/2MoO2(l) + CO(g) = Mo(l) + CO2(g) 9670+1.55T - 
12 ZnO(l) + CO(g) = Zn(l) + CO2(g) 61112-13T 4700 
13 PbO(l) + CO(g) = Pb(l) + CO2(g) -97270+15.76T 6172.0 
14 FeO(l) + CO(g) = Fe(l) + CO2(g) -24910+31.6T 788.3 
15 1/2SiO2(s) + CO(g) = Si(l) + CO2(g) 194021-15.07T 12874.7 

16 
1/2(2FeO.SiO2(l)) + CO(g) = 
          Fe(l) + SiO2(s) + CO2(g) 

-20890+32.34T 645.9 

17 2C(s) + O2(g) = 2CO(g) -221840-178.01T - 
18 C(s) + CO2(g) = 2CO(g) 170790-174.55T - 

19 
1/2(2FeO.SiO2(l)) + C(s) + 1/2CaO(s) = 
          Fe(l) + 1/2CaO.SiO2(l) + CO(g) 

43345-72.36T 599.0 

20 
1/2(2FeO.SiO2(l))+ CO(g)+ CaO(s) = 
          Fe(l) +1/2CaO.SiO2(l) + CO2(g) 

-84100+29.83T 2819.3 

21 
1/4Fe3O4(s)+3/8SiO2(s)+3/4CaO(s)+C(s) = 
          3/4Fe(l) + 3/8(2CaO.SiO2(l)) + CO(g) 

118000-168.015T 702.3 

22 
1/4Fe3O4(s)+3/8SiO2(s)+3/4CaO(s)+CO(g) = 
          3/4Fe(l) + 3/8(2CaO.SiO2(l)) + CO2(g) 

-52790+6.535T 8078.0 

 

 

 

Table 2. Oxide and elemental composition of Anaconda and Freeport slags (wt. %).

Oxides/ 
elements 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cu As Mo Zn Pb 

Anaconda % 34.61 5.48 43.93 6.65 0.33 1.39 1.36 0.50 0.28 - 1.77 0.16 

Freeport % 28.07 3.01 59.64 2.76 0.53 1.43 1.21 0.68 - 0.53 0.33 - 
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3.2.4. SEM-EDS-MLA  
    The scanning electron microscope was a LEO 1430 VP with a tungsten filament, coupled with 
an EDAX Genesis XM 4 Energy Dispersive Spectrometer (EDS) and Mineral Liberation 
Analysis (MLA) software to convert the results into mineralogical percentages. Slag samples 
were mounted as grains in EpoFix resin and hardener using 1-inch diameter molds.  Resulting 
pucks were cut with diamond saw and remounted in fresh resin/hardener with cross-sections as 
the exposed face in order to minimize orientation effects due to density differences of locked 
particles. This face was then polished using alumina paste, coated with carbon, and analyzed by 
SEM-EDS-MLA (Fig.’s 5 and 6 are presented and discussed later).  

3.2.5. TG-DTA 
    Non-isothermal oxidation of the slag samples was carried out using TA Instruments SDT 
Q600 simultaneous thermal analysis (STA) with thermogravimetric (TG) and differential thermal 
analysis (DTA) capabilities.  Argon gas and corundum crucibles were used at atmospheric 
pressure from room temperature to 1300°C under dynamic conditions at heating rates of 
20°C/min and gas flow rates of 10 ml/min (Fig.’s 7 and 8 are presented and discussed later). 

3.2.6. Carbothermal reduction 
    Based on thermodynamic calculations as well as chemical and mineralogical characterization, 
carbothermal reduction experiments were performed using a Sentro Tech furnace with 
Eurotherm 2404 controller.  For the Anaconda slag experiments, 30g of ground slag was mixed 
with 3.627g of graphite, 2.829g of calcium oxide, and 1.353g of alumina. For the Freeport slag 
experiments, 30g of ground slag was mixed with 3.627g of graphite, 8.925g of calcium oxide, 
and 3.966g of alumina. These amounts were determined from thermodynamic and mass-balance 
considerations of the reactions listed in Table 1. Mixtures were placed in alumina crucibles and 
heated to 1400°C at 5°C/min. Samples were left at the targeted temperature for 30 minutes. 
Cooling to room temperature at approximately 2°C/min was performed in the furnace (Fig.’s 9 
and 10 are presented and discussed later).  The heating and cooling rates were chosen for safety 
reasons (i.e., prevents boiling and shattering, respectively) which prevented damage to the 
furnace and extended the life of the WC heating elements.  The reaction time was considered the 
minimum time needed for the tests to work.  Many of these variables will be examined via 
statistical experimental design in a subsequent study [15]. 
 

4. Results and discussions 
4.1. Chemical composition 

    As can be seen from the ICP-MS results in Table 2, the slag samples from Anaconda and 
Freeport are made up of significant amount of SiO2, Fe2O3 and Cu. However, the Zn-content in 
Anaconda slag is more than that of the Freeport slag, while the Freeport slag contains more Mo.  

4.1.1 XRD analysis 
    XRD powder diffraction patterns for the slag samples are shown in Fig. 4.  Anaconda slag is 
absent of any definitive pattern thereby suggesting it is amorphous.  By comparison, Freeport 
slag exhibits a strong pattern not only indicating it is crystalline but an analysis of the 2θ values 
between 25 and 40 indicates two major phases are present: magnetite and fayalite.  The 
amorphous feature of the Anaconda slag further suggests it must have been water quenched such 
that fast cooling rates did not allow crystalline phases to develop.  On the other hand, Freeport 
slag exhibits crystalline features because it solidified slowly as would occur with air-cooling. 
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Fig. 4 XRD result of the copper slags. 

 
4.1.2. Microscopy analysis 

    SEM-EDS-MLA was needed to determine the chemical compositions of all phases in each 
slag particularly the amorphous features in Anaconda slag and the minor phases not detected in 
Freeport slag.  Several particulate samples of each slag were randomly selected and presumably 
representative, each measuring at least 3-mm in shortest dimension, and mounted in the epoxy 
pucks. After polishing the pucks with a series of grit papers and ultimately 0.05-�m alumina 
powder, all exposed surfaces were examined.  Example back-scatter-electron (BSE) images and 
EDS elemental determinations from spot analyses are shown in Fig.’s 5 and 6.  Typically, bright 
inclusions are Cu, Fe and Pb sulfides, gray areas are Fe oxides and silicates, and dark gray 
masses are Al and Ca silicates, often incorporated with Fe.  Mineral Liberation Analyzer (MLA) 
was then used to determine the chemical compositions from the EDS signals. 

 

Fig. 5 SEM/EDS results of Anaconda slag. Fig. 6 SEM/EDS results of Freeport slag. 
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    Results presented in Table 3 are overall averages expressed as minerals in weight percent. 
Interestingly, the major phases are Fe1.2Ca0.5Al0.3SiO4 and Fe2SiO4 (fayalite) with Anaconda slag 
measuring 71.8 and 27.47% and Freeport slag having reverse percentages at 22.90 and 60.56%, 
respectively.  Freeport slag also has more magnetite (11.41%) than the Anaconda slag (0.05%).  
Surprisingly, the non-water quenched Freeport slag contained more hydrated minerals (biotite, 
0.02%; muscovite, 0.03%) than the Anaconda slag (muscovite, 0.01%). Conichalcite 
[CaCu(AsO4)(OH)] was found in both slags but in negligible amounts. 

 

 

Table 3. Chemical/mineral compositions of Anaconda and Freeport slags (wt %). 

Mineral Formula Anaconda Freeport 
(FeCa)SiO Fe1.2Ca0.5Al0.3SiO4 71.80 22.90 

Al2O3 Al2O3 0.00 0.03 
Albite NaAlSi3O8 0.00 0.01 
Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 0.00 0.02 
Bornite Cu5FeS4 0.20 0.29 
Calcite CaCO3 0.00 0.00 

Chalcocite Cu2S 0.06 0.68 
Conichalcite CaCu(AsO4)(OH) 0.00 0.00 

Fayalite Fe2SiO4 27.47 60.56 
FeO Fe3O4 0.05 11.41 

Galena PbS 0.00 0.00 
Ilmenite FeTiO3 0.00 0.01 

Iron Fe 0.02 0.20 
Muscovite KAl2(AlSi3O10)(OH)2 0.01 0.03 
Plagioclase (Na,Ca)(Al,Si)4O8 0.01 0.00 

Pyrite FeS2 0.00 0.00 
Pyroxene CaMgSi2O6 0.00 0.00 
Pyrrhotite FeS 0.00 0.24 

Quartz SiO2 0.18 0.05 
Quartz_FeAlCa Fe1.4Ca0.5AlSi5O7 0.18 3.56 

Total  100.00 100.00 
 

 

4.1.3. TG-DTA 
    The thermogravimetric and differential thermal analysis (TG-DTA) results are shown in Fig. 7 
and 8 and indicate that the waste slags gain weight (~7%) due to oxidation of fayalite to hematite 
and silica (~750°C) as well as transformation of magnetite to hematite (~400°C) as indicated 
below with Eq. 1 and Eq. 2 [16]. The weight loss of Anaconda slag below 100°C is attributed to 
the moisture in the slag. It is also noted that a weight loss near 400°C in the Freeport slag 
possibly resulting from the dehydration of biotite and muscovite. Moreover, the plateaus of the 
curves at 950-1050°C concur with the oxidation of sulfides as illustrated in Eq. (3). 

              2FeO·SiO2 + 0.5O2 → αFe2O3 + SiO2                       (1) 
              Fe3O4 → γFe2O3 → αFe2O3                                       (2) 
              MxSy + yO2 → xM + ySO2                                       (3) 
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Figure 7. TG-DTA of Freeport slag. 

 

Figure 8. TG-DTA of Anaconda slag.

 
4.1.4. Carbothermal reduction 

    Duplicate carbothermal reduction experiments were conducted for each slag.  All results 
confirmed that the final products was pig iron and glass which were separated by breaking with a 
hammer.  After weighing the products, 89.1 and 99.6% of metal was reduced for Anaconda slag 
(see Fig. 9) and 99.9 and 93.1% of metal was reduced for Freeport slag (see Fig. 10).  Resulting 
products can be recycled to the steel, glass and ceramic industries. 
 

   
Figure 9: (A) product formed from Anaconda slag after the reduction test, (B) metal recovered 

from the Anaconda slag. 

   
Figure 10: (A) product formed from the Freeport slag after the reduction test, and (B) metal 

recovered from the Freeport slag. 

     5. Conclusions 
    According to the thermodynamic calculations and the analysis of phase diagrams of alloys and 
oxides, it is possible to reduce waste copper slag with graphite into pig iron and glass. Most of 

A B 

A B 

1 

2 

3 

1 

2 

3 

897



Cu and Fe can be recovered from both types using minor amounts of lime and alumina and 
treating at 1400°C or higher for 30 min. The residual slags are similar with the ironmaking slag 
and therefore can be recycled to the glass and/or ceramic industry. 
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Abstract 

Bottom-up process design is performed for an antimony white fuming approach from antimony-
rich lead refining residues. Thermochemical modelling is used to evaluate process boundaries 
regarding temperature and slag composition allowing the fuming of qualified antimony white 
from mentioned residues. Fuming boundaries indicate that state of the art drosses are not suitable 
for fuming qualified antimony white. Slag conditioning by antimony enrichment of the slag has 
to be carried out in advance. Carbothermic reduction of lead oxide from named oxides is 
simulated and evaluated in lab scale to achieve optimal slag enrichment while avoiding antimony 
losses to the metal phase.  

Introduction 

The use of antimony as flame retardant in plastic products nowadays plays a major role in the 
antimony processing industry with antimony trioxide accounting for over 70 % of today´s 
worldwide antimony consumption [1]. Forecasts estimate further growth of around 4 % per year 
regarding the Antimony Trioxide demand. Currently China holds a nearly monopolistic market 
position for primary antimony from which the trioxide is produced by oxidizing smelting. As the 
Chinese strictly control export rates, they apply strong pressure to the market leading to an 
uncertain situation regarding the antimony price as well as the availability of antimony for the 
growing demand of western industrial nations. [2] Therefore the European Union – for the 
second time – listed antimony as one of the critical raw materials in 2014 due to its high supply 
risk and economic importance [3]. Mobilization of new – especially secondary – Antimony 
sources therefore seems inevitable for the future oriented industry. Despite the tensed situation 
on the market a significant stream of antimony in the form of complex oxidic slags, originating 
from softening of primary or secondary lead bullion, is left unused in western industrial nations. 
Antimony rich drosses from industrial lead refining usually contain ~ 30 Wt.% of antimony and 
~ 60 Wt.% of lead in oxide form. These residues have been reduced to hard lead alloys in the 
past which were used in lead-acid-battery grids. As the antimony contents in the grids were 
reduced from ~12 Wt.% to less than 2 Wt.% in the past, application of antimony in lead-
antimony alloys are of small importance. [1] The mentioned developments in the antimony 
market lead to a government funded research project, carried out at IME. Aim of the project is to 
develop a process for antimony trioxide winning directly from described oxidic residues. The 
product has to meet the strict regulations of the plastic industry to be applicable in this sector. In 
case of success, the project provides an innovative reworking route for aforementioned lead 

899

Advances in Molten Slags, Fluxes, and Salts: Proceedings of The 10th International 
Conference on Molten Slags, Fluxes and Salts (MOLTEN16)

Edited by: Ramana G. Reddy, Pinakin Chaubal, P. Chris Pistorius, and Uday Pal
TMS (The Minerals, Metals & Materials Society), 2016



refining residues while allowing western industrial nations to partially cover the demand for 
antimony trioxide from internal sources. The innovative process is based on a fuming approach. 
To evaluate boundaries for the antimony trioxide fuming from antimony rich drosses, extensive 
thermochemical modelling is carried out. After determination of slag composition requirements 
the requirements are addressed by slag conditioning. Carbothermic reduction of named drosses is 
investigated by thermochemical simulation software and carried out in lab scale to determine 
optimal parameters.  
 

Process boundaries 
 
Antimony trioxide volatilizes easily at temperatures above 600 °C. This property is used in 
different industrial applications such as roasting of sulfidic antimony ores where the antimony is 
separated as trioxide via the off gas due to its high vapor pressure. Production of high purity 
antimony trioxide from high grade antimony metal is considered state of the art. Antimony is 
melted to around 1000 °C in a suitable furnace whilst air is blown above the surface. Oxidized 
and volatilized compounds are carried to the offgas system, quenched and collected in a bag 
filter or cyclone. [4] Product of the oxidation blowing process is high grade antimony trioxide 
which has to meet different requirements depending on customers. International antimony 
association specifies antimony trioxide properties as shown in Table 1 [5]. 
 

Table 1. Specifications for antimony trioxide by 
International Antimony Association [5] 

Physical form powder 
Particle size 0.2 – 44 μm 
Sb2O3 content > 98.0 Wt.% 
PbO content < 0.25 Wt.% 
As2O3 content < 0.1 Wt.% 
Other impurities < 1.75 Wt.% 
 
Lead- and Arsenic oxides are considered most critical condensate impurities as they influence 
product properties of antimony white and both are often accompanied with antimony. Arsenic 
oxide will inevitable enter the product due to its high vapor pressure. Therefore arsenic contents 
in the feed charge have to be controlled. Lead oxide vapor pressure is considerably lower but 
with lead enrichment in the metal bath it may also enter the gas phase in undesired amounts. 
Therefore bath composition has to be monitored carefully. [4] Opposing to the oxidation blowing 
process mentioned innovative approach aims to fume antimony white from antimony rich 
drosses originating from lead softening. These drosses are complex oxides consisting of PbO, 
Sb2O3, As2O3 and other accompanying oxides. Exact composition heavily depends on lead 
bullion and softening parameters. Although lead oxide tends to volatilize at higher temperatures 
than antimony trioxide it is expected to form the major impurity in the product due to the high 
contents in the drosses. A vapor pressure calculation is executed to determine the maximum 
allowed PbO content in the slags for a direct fuming process. A similar method has recently been 
used by Liu et al. [6] who calculated the maximum allowed Pb and As contents in antimony 
metal for an oxidation blowing process using condensate composition standards to determine a 
boundary for the vapor pressure relations between antimony and lead as well as antimony and 
arsenic. The authors used the Chinese antimony white standards to determine minimum allowed 
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mole ratios in the product which must not be lower than 1353 for Sb/As respectively 955 for 
Sb/Pb in case of Chinese grade 1 antimony white. Using the Clausius Clapeyron equation, 
Liu [6] stated that vapor pressure ratios pSb/pAs and pSb/pPb must not undercut these ratios as 
mole ratios in the condensate are equal to the vapor pressure ratio of mentioned elements. 
However the authors did not take activities into account when calculating the partial pressures as 
they describe the Sb rich side of the system Pb-As-Sb. This work adopts the basic principle and 
applies it to the PbO-Sb2O3 System as the aim is to fume antimony white from oxidic slags. Only 
the relations between lead- and antimony oxide are taken into consideration as the As2O3 content 
in the slags is expected to completely volatilize due to its high vapor pressure.  
 
Product mole fraction is calculated by equation 1 according to the International Antimony 
Association standards from Table 1. 

   (1) 

With x: product mole fraction, cmin: minimal molar Sb2O3 product concentration, cmax: maximum 
molar PbO product concentration. The calculation yields a product mole ratio Sb2O3/PbO of 300. 
In order to obtain a suitable product, vapor pressure ratio of Sb2O3 to PbO must not be lower 
than this. Partial pressures of substances in solutions can be calculated by the equation [5] 
 

      (2) 
 
With pi: partial pressure of substance I, ai: activity of substance i in the solution, pi0: pressure of 
the pure substance i. Vapor pressures of pure PbO and Sb2O3 are calculated for a temperature of 
656 °C to 1100 °C according to literature. [7] Activities in the binary system are taken into 
account and allow partial pressure calculation. Vapor pressures are set in to relationship by the 
equation 
 

             (3) 

With f: vapor pressure ratio, pSb2O3: partial pressure of antimony trioxide, pPbO: partial pressure of 
lead oxide. Result of the vapor pressure ratio calculation is shown in Figure 1. Calculation shows 
that temperature control is a crucial factor for the desired process. An increase in temperature 
from 700 to 900 °C favors volatilization of higher lead oxide amounts hence reducing the vapor 
pressure ratio. At 700 °C the critical boundary ratio of 300 is reached for antimony trioxide 
contents in the slag higher than 38 Wt.%. This content boundary moves towards higher required 
Sb2O3 contents with increasing temperature. Desired product can be fumed from slags containing 
more than 49 Wt.% Sb2O3 at 800 °C respectively 65 Wt.% Sb2O3 at 900 °C according to the 
calculation. It can also be seen that temperatures higher than 900 °C are not suitable for the 
process as selectivity would decrease further. 
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Figure 1. Calculated vapor pressure ratios as function of temperature and composition compared 

to the product mole ratio (x = 300) 
 

Conditioning of antimony rich drosses for antimony white fuming 
 

As mentioned above, industrial Sb-bearing drosses contain about 30 to 35 Wt.% Sb2O3 and are 
not suitable for a direct fuming process under previously described hypothesis. Carbothermic 
reduction of the drosses is identified as most practical method for dross enrichment. Sb2O3 

contents around 70 Wt.% in the dross phase are set as target for fuming. The method has 
previously been described by Foerster et al. [9] in their United States Patent. The authors used 
drosses containing approximately 70 Wt.% PbO and 30 Wt.% Sb2O3 and found that an addition 
of 3 Wt.% coke at reduction temperatures of 840-870 °C yields a slag phase containing 60 to 65 
Wt.% Sb2O3 and a metal phase containing not more than 5 Wt.% antimony.  
 
To validate temperatures and coke addition, thermochemical modelling of the reduction process 
was executed using FactSage™ 6.4. Named software does not feature a solution model for the 
binary PbO-Sb2O3 system. As activities are crucial for accurate modelling of reduction 
processes, a custom solution database is created in association with GTT-Technologies based on 
thermochemical data published by Kopyto et al. [8] A stoichiometric coke factor is introduced 
based on the reaction  
 

     (4) 
 

to allow description of coke addition for varying PbO contents in slags. Slag reduction is 
simulated for a hypothetical binary slag containing 30 Wt.% Sb2O3 and 70 Wt.% PbO under 
varying coke addition according to equation 4. Fuming of Sb2O3 and PbO is suppressed in the 
calculation to exclusively describe reduction behavior. Figure 2 shows calculated reduction 
behavior according to the simulation at 800°C. It can be seen that up to coke factors of 0.4 
exclusive reduction of PbO takes place with remaining slag reaching Sb2O3 content of 68 Wt.%. 
Further coke addition promotes simultaneous reduction of both oxides. However PbO reduction 
is still dominant with slag reaching 87 Wt.% Sb2O3 at coke factor 0.6. Metal phase reaches 87 
Wt.% Pb under these conditions. Coke additions larger than 0.6 result in higher antimony losses 
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to metal phase without further enrichment of slags and are therefore not suitable for desired 
process.  
 

 
Figure 2. Calculated reduction behavior of binary slag containing 30 Wt.% Sb2O3 and 70 Wt.% 

PbO at 800 °C 
 

Experimental 
 
Reduction trials are carried out in a resistance heated furnace with a maximum power of 14 kW. 
The furnace chamber measures 200 mm in height, 270 mm in width and 450 mm in depth. 
Automatic furnace control allows exact temperature setting as well as realization of temperature 
profiles. A steel muffle is placed in the furnace chamber and purged with 3 l/min Ar to prevent 
oxidation and coke losses. Three alumina crucibles per trial are placed in the muffle. Figure 3 
shows a schematic representation of the trial setup. 300 g of industrial antimony dross 
(composition see Table 2)  is mixed and milled with desired amount of petrol coke. The mixture 
is fed into the alumina crucibles and placed in the muffle. Furnace is heated to the desired 
temperature with a heating rate of 300 °C/h. After desired temperature is reached, the melt is 
held for 60 minutes before the muffle is taken out of the furnace. Argon flow is kept until the 
slag has cooled below 300 °C.  
 

Table 2. Composition of Antimony dross used for reduction trials (XRF analysis) 
Compound Concentration [Wt.%] 

PbO 62.81 
Sb2O3 35.79 
ZnO 0.89 
SnO2 0.24 
As2O3 0.09 
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Figure 3. Schematic setup used for slag reduction trials 

 
 
Reduction trials are carried out at 700 °C, 800°C and 900 °C for stoichiometric coke additions of 
0.4 to 1.2 according to reaction 6 resulting in 15 parameter sets. Every parameter set is run three 
times. Therefore total number of trials is 45. Slag and metal phases are separated and weighed. 
The slag is milled to < 90 μm and analyzed by XRF spectroscopy. Slag samples are also 
analyzed by SEM/EDX. Metal phases are remelted for homogenization in a laboratory scale 
induction furnace using a clay graphite crucible. Remelted metal phases are casted into a mould, 
trimmed and analyzed by spark emission spectroscopy. 
 

Results and Discussion 
 
Figure 4 shows experimental reduction behavior of industrial antimony dross as function of coke 
addition at 800°C. Opposing to the calculation no exclusive PbO reduction is achieved up to 
coke factor of 0.4 as metal phase reaches 4.5 Wt-% Sb at this point. However PbO reduction is 
dominant and slag enrichment is successful by reaching 75 Wt.% Sb2O3 at coke addition of 0.6. 
Compared to the calculated model, antimony trioxide content at this point is 12 Wt.% lower. As 
mentioned before partial Sb2O3 reduction is one factor which hinders slag enrichment. 
Furthermore fuming of Sb2O3 from slag phase can take place in during experiments thus 
lowering antimony trioxide content in slags compared to the model. Coke additions larger than 
0.6 do not yield higher enrichment grades of antimony trioxide but promote antimony losses to 
the metal phase. However it can be assumed that higher reduction grades temporary are achieved 
during the trial. As increased Sb2O3 content raises activity of Sb2O3 and therefore antimony 
trioxide partial pressure, fuming is promoted in this case. This temporary state can not be 
detected by analysis as the gas phase can leave the system during trials. Complete reduction at 
coke factors of 1.0 or higher is not taking place opposing to the model prediction. 
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Figure 4. Experimental reduction behavior of antimony rich dross under varying coke addition at 

800 °C 
 

Figure 5 shows all measured antimony contents in slag phase. It can be seen that enrichment 
rates as high as predicted from calculation can not be reached. Maximum Sb2O3 content for all 
trials is not higher than 78 Wt.%. Temperature has no significant influence on reduction grade 
according to slag analysis, however it can again be assumed that larger amounts of antimony 
trioxide have evaporated during the trial at higher temperatures. 

 

 
Figure 5. Temperature dependency of antimony trioxide enrichment under varying coke addition 

 
Reduction with a stoichiometric factor of 0.6 at 800 °C is considered as optimal operating 
condition yielding a slag containing 75.2 Wt.% Sb2O3 with high lead yield and low antimony 
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loss to the metal phase. Temperatures lower than 800 °C hinder slag and metal phase separation 
due to increased viscosity. 
 

Summary 
 
A new pyrometallurgical process is currently being developed for antimony white production 
from antimony rich lead refining residues by direct fuming.  Mentioned residues contain about 
30 Wt.% Sb2O3 and 60 Wt.% PbO as well as oxides of arsenic, tin and other elements. Antimony 
white products for the application in plastic industry have to meet strict requirements regarding 
lead and arsenic contents. Due to the large PbO contents in residues originating from state of the 
art lead refineries, PbO is identified as most problematic compound for a fuming process. 
Extensive thermochemical modelling is carried out in the framework of bottom up process 
design to testify requirements for the feed material of such process. Vapor pressures of antimony 
trioxide and lead oxide are calculated under consideration of their activities in hypothetical slag 
compositions and different fuming temperatures. Calculation reveals that state of the art drosses 
are not suitable for fuming of qualified antimony white. Sb2O3 contents in named slags need to 
be raised to around 70 Wt.% for direct fuming. Carbothermic reduction is simulated using 
FactSage 6.4™ to confirm this enrichment possibility. A series of trials is conducted to prove 
principle of antimony enrichment in dross by carbothermic reduction where drosses containing 
up to 78 Wt.% Sb2O3 are achieved. Optimal reduction parameters are identified in regards to the 
trial results. As conditioning of the drosses is successful, future work will focus on optimizing 
fuming parameters. 
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Abstract 

Steelmaking slag is a potential P resource in Japan, because the P quantity in it is almost equal to 
that in imported phosphate ores. P2O5 is mainly concentrated in the 2CaO·SiO2-3CaO·P2O5 solid 
solution in slag. It has been clarified that P can be selectively leached out from C2S-C3P rather 
than the matrix phase of slag. To recover P from slag, its dissolution ratio from C2S-C3P should 
be increased. In this study, the effects of leaching agent and Na2SiO3 modification on the 
dissolution of the C2S-C3P solid solution and slag in aqueous solutions have been investigated. 
H3C6H5O7 is beneficial for P dissolution from C2S-C3P in aqueous solutions because of the 
formation of the CaC6H5O7

- complex, which can suppress phosphate precipitation. The P-rich
phase is changed from the original C2S-C3P to C2S-C2NP with higher water solubility by 
Na2SiO3 modification, which facilitates P dissolution. At pH=5, 85.7% of P from the modified 
C2S-C3P can be dissolved in the H3C6H5O7 solution. The selective leaching of P from the CaO-
SiO2-Fe2O3 system slag can be achieved by Na2SiO3 modification and leaching in the H3C6H5O7

solution at pH=5. The P dissolution ratio reaches 78.4%, and only 19.7% of Fe is dissolved. 

Introduction 

Phosphorus is an essential agricultural nutrient and the demand for it increases as the increase in 
the world population. To secure supplies of P, it is necessary to consider the quantity and 
availability of P resources that are untapped, because the high-grade natural P resource is 
decreasing and Japan has no domestic natural resources [1]. Based on the statistical data for the
material flow of P in Japan [1], as shown in Figure 1, steelmaking slag is considered as a potential
P resource, because the P quantity in it is almost equal to that in imported phosphate ore. 
Therefore, the efficient recovery of P from steelmaking slag is of great importance. 
It is known that steelmaking slag generally consists of two phases [2, 3]. One is the dicalcium
silicate (2CaO·SiO2) which can react with the dephosphorization product of 3CaO·P2O5 to form 
the 2CaO·SiO2-3CaO·P2O5 (C2S-C3P) solid solution; the other is the liquid phase consisting of 
the CaO-SiO2-FetO system which is rich in Fe. There is a high distribution ratio of P between the 
C2S-C3P solid solution and liquid phase [4], indicating that P is mainly concentrated in the C2S-
C3P solid solution in steelmaking slag. With the increase in P content in the hot metal because of 
the use of low-grade iron ores, P2O5 content in the steelmaking slag increases. Shimauchi et al.
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[5] confirmed that a higher distribution ratio of P could be obtained when the P2O5 content in slag 
was very high. Therefore, the efficient recovery of P from slag depends on how the P-rich C2S-
C3P solid solution is treated. Various methods have been adopted to recover P by separating C2S-
C3P from slag, including magnetic separation, floating C2S-C3P solid solution, and the capillary 
phenomenon [6-8].  
 

 
Figure 1. Domestic material flows of P in Japan (kt-P) [1] 

 
Compared with above treatments, leaching method has an advantage in recovering P from slag, 
because the obtained soluble P is convenient for the production of phosphate fertilizer. Teratoko 
et al. [9] investigated the dissolution behavior of C2S-C3P and that of the matrix phase in aqueous 
solutions and clarified the possibility of selective leaching of P from C2S-C3P rather than from 
the matrix phase of slag. It was found that the dissolution ratio of P from C2S-C3P was not 
sufficiently high in the nitric acid solution (HNO3) at pH=7 because of the precipitation of 
hydroxyapatite (HAP) and had no relationship with the C3P content in solid solution. It is 
considered that the higher Ca2+ concentration and lower solubility of C2S-C3P leads to the lower 
P dissolution ratio.  
If most of the P from the C2S-C3P solid solution can be leached, the dissolved P in aqueous 
solutions can be used to produce phosphate fertilizer, and the undissolved Fe-rich matrix phase 
can be recycled in the steelmaking process. In order to increase P dissolution, it is necessary to 
eliminate the Ca2+ ions in the aqueous solution and improve the solubility of C2S-C3P itself. 
Therefore, use of citric acid (H3C6H5O7) as a leaching agent and the modification of C2S-C3P by 
adding Na2SiO3 at high temperatures were proposed. In this study, the effects of leaching agents 
and Na2SiO3 modification on P dissolution from C2S-C3P in aqueous solutions were first 
investigated. Based on the obtained optimum condition, the dissolution behavior of CaO-SiO2-
Fe2O3 system slag in aqueous solutions was also studied.  
 

Experimental Method 
 
Synthesis and Modification of C2S-C3P Solid Solution 
 

910



First, calcined CaO and reagent-grade SiO2 were mixed at a molar ratio of 2:1, pressed into 
tablets and heated at 1773 K for 48 h under air atmosphere to synthesize 2CaO·SiO2. Then, the 
synthesized 2CaO·SiO2 powder was fully mixed with the Ca3(PO4)2 at a target mass ratio, 
pressed into tablets and heated at 1773 K for 48 h under air atmosphere to synthesize the C2S-
C3P solid solution. The crystalline was confirmed by X-ray diffraction analysis (XRD). For the 
Na2SiO3 modification procedure, about 20 mass% of Na2SiO3 powder was added into the 
synthesized C2S-C3P powder to make the molar ratio of Na2O and P2O5 1:1. The mixture was 
pressed into tablets and heated at 1773 K for 2 h in air. To compare the dissolution behavior of P, 
the P2O5 content in C2S-C3P samples with and without modification was fixed as 20 mass%. The 
composition of C2S-C3P samples is shown in Table I. 
 
Table I. Composition of the C2S-C3P samples with and without Na2SiO3 modification (mass%) 

 CaO SiO2 P2O5 Na2SiO3 
C2S-C3P 60.4 19.6 20.0 0 

Modified C2S-C3P 47.5 12.8 20.0 19.7 
 
Synthesis of Slag 
 
To prepare the CaO-SiO2-Fe2O3 system slag, reagent-grade CaCO3, SiO2, Ca3(PO)4, Fe2O3, and 
MgO were used and fully mixed. Meanwhile, 8 mass% Na2SiO3 powder was added to modify 
the slag and make the molar ratio of Na2O and P2O5 about 1:1. The mixture was placed in a Pt 
crucible, heated to 1823 K in air and kept at this temperature for 1 h to form a homogeneous 
liquid phase. Then, it was cooled to 1623 K at a rate of 3 K/min to precipitate C2S-C3P solid 
solution. Finally, the crucible was taken out of the furnace and cooled in air. The heat treatment 
pattern is shown in Figure 2. The composition of the original slag and modified slag is shown in 
Table II. The synthesized C2S-C3P solid solution with Na2SiO3 modification and slag were 
observed and investigated by electron probe microanalyses (EPMA). 
 

Table II. Composition of the original and modified CaO-SiO2-Fe2O3 slag (mass%) 
 CaO SiO2 Fe2O3 P2O5 MgO Na2O 

Original slag 37.0 23.0 29.0 8.0 3.0 0 
Modified slag 34.3 24.9 26.8 7.4 2.8 3.8 

 
Leaching Experiments 
 
The obtained C2S-C3P samples and modified slag were ground into particles of size less than 53 
μm. One gram of sample was added to 400 mL of deionized water. The temperature of the 
aqueous solution was kept constant at 298 K using an isothermal water bath and a rotating stirrer. 
To maintain the pH at a constant value, a pH meter was attached to this system, and acid was 
automatically added by a PC control system. The experimental apparatus is shown in Figure 3. 
About 5 ml of aqueous solution was sampled at adequate intervals for 120 min and filtered using 
a syringe filter (< 0.45 μm). The concentration of each element in the sampled aqueous solution 
was analyzed using inductively coupled plasma emission spectroscopy (ICP-AES). In this study, 
five sets of leaching experiments were conducted, as shown in Table III.  
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Table III. Leaching experiments  
             Sample 
Acid 

C2S-C3P Modified C2S-C3P Modified Slag 

HNO3 pH=7 - - 
H3C6H5O7 pH=7 pH=5,7 pH=5 

 
Experimental Results 

 
Effect of Leaching Agents on the C2S-C3P Dissolution [10] 
 
To investigate the effect of leaching agents, unmodified C2S-C3P was leached in the HNO3 and 
H3C6H5O7 solutions, respectively. Figure 4 shows the change in Ca and P concentrations in each 
leaching agent. In the HNO3 solution, with the continuous increase in Ca concentration, the 
dissolved P was not stable and started to decrease after 20 min. Because Ca and P concentrations 
in aqueous solutions are controlled by the solubility product of HAP [11], the higher Ca 
concentration results in phosphate precipitation. In the H3C6H5O7 solution, Ca concentration was 
as high as that in the HNO3 solution, but the P concentration increased continuously and reached 
41.4 mg/L. The reason is that C6H5O7

3- can combine with Ca2+ to form CaC6H5O7
- complex in 

aqueous solutions, as shown in equation (1) [12], which results in lower free Ca2+ concentration 
and restrains the precipitation of HAP. 
 

Ca2+ + C6H5O7
3- = CaC6H5O7

-     log K = 3.22                                 (1) 
 
The dissolution ratio of each element was calculated using equation (2) and is shown in Figure 5, 
where RM is the dissolution ratio of element M, CM is the M concentration (mg/L), V is the 
volume of the aqueous solutions (L), and mM is the original mass of element M in 1 g of sample 
(mg). It shows that only a small fraction of P is dissolved in the HNO3 solution. However, the P 
dissolution ratio in the H3C6H5O7 solution significantly increases reaching 17.7%. Therefore, 
H3C6H5O7 is more efficient than HNO3 at extracting P from C2S-C3P in aqueous solutions. 
 

RM = (CM · V) / mM                                                     (2) 
 

Figure 2. Experimental condition for 
synthesizing slag 

Figure 3. Experimental method for 
leaching 

912



     
 
 
 
Dissolution Behavior of the Modified C2S-C3P [10] 
 
To further improve P dissolution, Na2SiO3 modification was proposed to change the solubility of 
C2S-C3P itself. First, the effect of Na2SiO3 modification on the C2S-C3P composition was 
examined. The modified C2S-C3P solid solution consists of two phases, as shown in Figure 6 and 
Table IV. One phase corresponds to the C2S-C3P solid solution containing Na2O, the other one is 
the newly formed CaO·SiO2. Compared to the composition before modification, the SiO2 and 
P2O5 content changed very little, but the CaO content decreased. This showed that added Na2O 
could be introduced into the C2S-C3P structure to substitute for CaO. The reaction between the 
C2S-C3P and Na2SiO3 at high temperatures can be described by equation (3). Because of the 
Na2SiO3 modification, the P-rich phase changes from the original C2S-C3P to C2S-C2NP. 
 

Table IV. Composition of the modified C2S-C3P 
Sample CaO SiO2 P2O5 Na2O 

Modified 
C2S-C3P 

1 49.9 15.5 25.7 8.9 
2 41.1 45.9 4.9 8.1 

 
Then, the dissolution behavior of modified C2S-C3P in the H3C6H5O7 solution at pH=7 was 
investigated. As shown in Figure 7, the P concentration in the H3C6H5O7 solution reached 56.2 
mg/L, which was higher than that of the unmodified C2S-C3P. This is considered to be because 
of the transformation from C2S-C3P to C2S-C2NP with higher water solubility [13]. As shown in 
Figure 8, the dissolution ratio of P from the modified C2S-C3P increased to 24.6%, indicating 
that Na2SiO3 modification facilitates P dissolution. 
To reach the optimum leaching conditions, the dissolution behavior of modified C2S-C3P in the 
H3C6H5O7 solution at pH=5 was also investigated. With decreasing pH, the dissolution of 
modified C2S-C3P was improved significantly. The P concentration in the H3C6H5O7 solution 
increased to 178.2 mg/L. The dissolution ratios of Ca and P were 90.3% and 85.7%, respectively, 
indicating that most of the modified C2S-C3P could be dissolved at this condition. Therefore, 
Na2SiO3 modification and decreasing pH was beneficial for C2S-C3P dissolution in the 
H3C6H5O7 solution. 
 

Figure 4. Change in the Ca and P concentrations in 
each leaching agent 

Figure 5. Dissolution ratio of each 
element from the C2S-C3P 
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Dissolution Behavior of the Modified Slag 
 
Based on the obtained results for C2S-C3P, it is necessary to modify the slag by adding Na2SiO3 
and use H3C6H5O7 as a leaching agent to improve P dissolution from slag. First, the effect of 
Na2SiO3 modification on slag composition was investigated. The modified slag consists of two 
phases, as shown in Figure 9 and Table V. The black phase is the precipitated C2S-C2P solid 
solution containing Na2O (C2S-C2NP); the grey phase is the CaO-SiO2-Fe2O3 matrix phase with 
little P. The Na2O and P2O5 content in the C2S-C3P solid solution were higher than that in the 
matrix phase, indicating that they were mainly concentrated in C2S-C3P. It is believed that the 
Na2O can combine with P2O5 to form C2S-C2NP solid solution.  
 

Table V. Composition of the modified CaO-SiO2-Fe2O3 system slag 
Sample CaO SiO2 P2O5 Na2O Fe2O3 MgO 

Modified 
Slag 

1 43.9 14.1 32.0 7.4 1.4 1.2 
2 26.0 30.4 2.3 3.2 34.3 3.8 

 

Figure 6. EPMA image of the 
modified C2S-C3P sample 

Figure 7. Change in the Ca and P 
concentrations in the H3C6H5O7 solution 

Figure 9. EPMA image of the modified 
CaO-SiO2-Fe2O3 slag 

Figure 8. Dissolution ratio of each 
element from the modified C2S-C3P 
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Then, the dissolution behavior of modified slag in the H3C6H5O7 solution at pH=5 was 
investigated, as shown in Figure 10. In the beginning, the slag dissolution was fast because of 
low ion concentrations in aqueous solutions, and the concentrations of each element were rapidly 
increasing. The P and Fe concentrations reached 63.4 mg/L and 92.5 mg/L, respectively. 
According to equation (2), the dissolution ratio of each element from the modified slag in the 
H3C6H5O7 solution was calculated and is shown in Figure 11. Most of the Ca, Si, and P were 
dissolved in the H3C6H5O7 solution, except for Fe. The P dissolution ratio reached 78.4%, but the 
Fe dissolution ratio was only 19.7%, indicating that P-rich C2S-C2NP solid solution was easier to 
be dissolved than the Fe-rich matrix phase in aqueous solutions. Therefore, the selective leaching 
of P from steelmaking slag and higher P dissolution ratio can be achieved by using H3C6H5O7 as 
a leaching agent, with Na2SiO3 modification at pH=5. 
 

 
 
 
 

Conclusions 
 
In order to improve P dissolution from the C2S-C3P solid solution in aqueous solutions, the 
effects of leaching agents and Na2SiO3 modification were investigated. The obtained results are 
summarized as follows: 
(1) H3C6H5O7 is beneficial for P dissolution from C2S-C3P solid solution in aqueous solution 

because of the formation of the CaC6H5O7
- complex which can suppress the precipitation of 

HAP. 
(2) The P-rich phase was changed from the original C2S-C3P to C2S-C2NP with higher water 

solubility by Na2SiO3 modification, which results in a higher P dissolution ratio. At pH=5, 
85.7% of P from the modified C2S-C3P can be dissolved in the H3C6H5O7 solution.  

(3) The selective leaching of P from steelmaking slag can be achieved by Na2SiO3 modification 
and leaching in the H3C6H5O7 solution at pH=5. The P dissolution ratio reached 78.4%, and 
only 19.7% of Fe was dissolved. 
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Abstract 

The distribution of chromium between liquid silicate slags and copper-iron-nickel matte phases 
encountered in electric smelting of PGM containing South African sulphide concentrates were 
experimentally studied under controlled partial pressures of oxygen and sulphur.  The reported 
experiments were conducted under silica saturation through the use of silica crucibles.  Seven 
representative slag compositions were equilibrated with a typical sulphur deficient matte 
containing 18% Ni, 11% Cu, 42% Fe and 29% S. The slag constituents varied in the following 
ranges: SiO2: 42-58%, Al2O3: 3.5-9.0%, Fe2O3: 13-21%, MgO: 15.6-25%, CaO: 2-15%, Cr2O3:
0.2-3.5%.  The slag and matte samples were synthetically prepared from pure components. The 
chromium content of the two phases was analysed chemically. According to the present 
available results of this ongoing research it was found that the partition of chromium to the matte 
phase decreased with an increase in the partial pressures of both oxygen and sulphur where the 
value of the distribution coefficient of chromium between the matte and the slag phase varied 
from as low as 0.07 to as high as 5.5. 

Introduction 

The copper-nickel and PGM (Platinum Group Metals) bearing sulphide concentrates produced in 
South Africa are smelted in electric furnaces. The slags obtained in the smelting of these low 
grade concentrates have relatively high MgO contents, which as a consequence of their high 
electrical resistivity renders them suitable for sufficient heat generation needed for the smelting 
process. The other main slag constituents are SiO2, FeO, Al2O3 and CaO. Originally the electric 
furnace smelters were designed to utilize the sulphide concentrates derived from the Marentsky 
Reef of the Bushveld Complex, which contained insignificant amounts of chromium oxide in the 
ore body resulting in very low concentrations of chromium in the slags mentioned above.  As the 
reserves of the Marentsky Reef decreased, the smelters started to utilize another reef known as 
UG2, which contained similar PGM and Cu, Ni contents but was richer in chromium oxides. In 
fact the tailing stream of the concentration process for the UG2 reef is significantly rich in 
chromite and is actually used as a fine sized chromite concentrate in ferrochromium smelters 
using DC open arc furnaces. The relatively high chromite content of the UG2 sulphide 
concentrate employed in PGM smelters results in slags with much higher chromium contents. 
Thus chromium is regarded as an element of high significance in the smelting of these sulphide 
concentrates especially from the UG2 Reef because its presence is deleterious to the process. The 
solubility of chromium oxide in the typical PGM smelting slags at smelting temperatures of 
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around 1300oC normally utilized is low and hence remains as solid oxide.  The slag becomes a 
solid-liquid mixture with increased effective viscosity which will cause potential problems of 
settling of matte droplets through the slag, decreased mass transfer between slag and matte as 
well as flow and tapping problems. Solid chromium oxide also has a higher density then the slag 
and the matte and will tend to settle at the hearth of the furnace eventually decreasing the 
working volume and hence the smelting capacity of the furnace. 
In general sulphide smelting slags are either saturated or are close to saturation with respect to 
both silica and magnetite and hence the oxygen potential in the system is near FeO-Fe3O4 
equilibrium at the temperatures employed. The solid chromium oxide can react with solid 
magnetite (if exists due to saturation) and form spinels with densities intermediate between that 
of the slag and the matte and can form false bottoms at the slag-matte interface.  This will stop 
slag-matte interactions and reactions at these locations and affect negatively the smelting 
operation.   
The solubility of chromium in these slags at the given temperatures can only be increased by 
operating under more reducing lower oxygen potentials where Cr3+ is reduced to Cr2+ (CrO in 
molecular notation). While operating under more reducing conditions enhances the solubility of 
chromium in the slag and hence decreasing the magnitude of potential problems, there will be the 
possibility of increased transfer of chromium into the matte, which could significantly 
complicate the downstream processes of recovering Cu, Ni and PGMs.  Another way to increase 
the solubility of chromium in the current slags is to increase temperature of operation.  At higher 
temperatures the viscosity of the matte phase decreases considerably and tends to penetrate into 
any cracks or porosities of the refractories of the hearth region which can cause severe 
operational problems. At present the South African smelters use both of these approaches; 
decreasing the oxygen potential by creating more reducing conditions through charging some 
carbonaceous materials and increasing temperatures up to 1500oC by increasing the power. Thus 
the partitioning of chromium between liquid silicate slags and liquid sulphide matte phases is 
obviously of importance in the processing of these ores.  
There is extremely limited information in literature on slag-matte equilibrium and distribution of 
chromium between these phases under controlled conditions pertinent to the PGM smelting 
conditions mentioned above although numerous studies can be seen most of which fail to ensure 
correct equilibrium conditions and correct gas composition control.  The partition of transition 
elements in a basic silicate melt with sulphide phases has been examined by Al’mukhamedov 
and Medvedev1, and they determined a partition coefficient of chromium of 1.9 to 2.0 between 
the sulphide and silicate phases.  However, the experiments were done in an induction furnace 
with helium gas in the presence of carbon, indicating that, for their system, the partial pressures 
of oxygen and sulphur were indeterminate.  Some preliminary work was done at the Council for 
Mineral Technology (Mintek) of South Africa2.  This work involved the use of UG2 concentrate 
in contact with carbon and mixtures hydrogen and carbon dioxide gas.  It was found that 
chromium partitions strongly into the matte phase under reducing conditions and that the 
distribution coefficient of chromium in the matte and the slag phases gradually decreases with an 
increase in the partial pressure of oxygen.  However these experiments were performed under 
non-equilibrium conditions, since sulphur was escaping from the system throughout the runs.  
These tests were supplemented by experiments performed at 1450oC under controlled partial 
pressures of sulphur and oxygen at sulphide saturation using synthetic mixtures of oxides and 
four natural rock types approximating the slag compositions2.  The samples in the form of pellets 
were fixed to platinum loops and due to sulphide saturation and adjusted conditions only a very 
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small amount of sulphide melt was formed.  Thus the partitioning of the chromium was 
determined by electron microprobe.  The use of platinum wire loops to hold the samples resulted 
in iron loss to the platinum (which was compensated based on an approximate calculation 
procedure) and the studied system was somewhat far from actual metal slag interactions in the 
PGM smelting processes.  Nevertheless the partition results although highly variable indicated 
that the chromium in sulphide melts increased with a decrease in the partial pressure of oxygen.  
 

Experimental Procedure 
 
Starting Materials 

 
A total of seven slag samples were prepared from reagent grade powdered oxides; SiO2, Al2O3, 
Fe2O3, MgO, CaO and Cr2O3, three of which approximating UG2 (designated as U) slags and 
three representing Marentsky (designated as M) slags.  The main difference between the two 
types of slags is their Cr2O3 concentration. While the chromium oxide concentration of 
Marentsky slags is less than 0.5%, the UG2 slags usually contain over 2.5% Cr2O3 reaching up to 
3.5%.  The slag designated as 9UM can be considered to represent the case where the two ores 
are blended. The pure oxides were first dried in an oven at 105oC followed by mixing in the 
appropriate proportions in an agate mortar under a liquid blanket of acetone until all the acetone 
vaporized and again being bone dried in an oven.  The powder mixtures were then pressed into 
disk shaped pellets followed by sintering and homogenization by heating to 1200oC for 12 hours 
in a muffle furnace. After cooling they were kept in closed bottles inside a desiccator.  The initial 
slag compositions are summarized in Table I.  The Cr to Fe ratio of the slags varied in the range 
0.015 to 0.2 and their basicity were in the range 0.376 to 0.729.  The basicity was defined as: 
  
B= (CaO% + MgO%) / SiO2%.                                                                                                (1) 
 
The PGM smelting matte compositions do not vary much; Ni concentration is in the 16% to 18% 
range, Cu concentration in the 9% to 11% range, Fe concentration in the 38% to 42% range and 
S concentration in the 26% to 28% range. Thus only one single matte sample was prepared from 
pure electrolytic grade Ni, Cu and Fe and triple distilled pure sulphur.  The metallic powders and 
sulphur powder were carefully weighed and mixed and were then put in quartz tubes of 20mm in 
diameter which were first filled with argon gas and then evacuated by a mechanical-diffusion 
pump couple and sealed under vacuum by a hydrogen torch.  The quartz sample tubes were 
heated to 1200oC to homogenize the composition and form the matte phase.  After 
homogenization quartz tubes were carefully broken and the sulphide matte samples were 
recovered and kept in desiccators. 
 
Equilibration Procedure 
 
A gas-tight vertical molybdenum resistance furnace has been assembled and employed for the 
study of slag-matte equilibrium. Molybdenum wires were protected from oxidation by the use of 
ammonia gas, which cracks into hydrogen and nitrogen at high temperatures.  Actual sample 
temperatures in the furnace were measured with a Pt-6 %Rh/Pt-30%Rh (B-type) thermocouple. 
In the slag-matte distribution experiments performed at 1450oC quartz crucibles were used 
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saturating the slag with respect to silica similar to actual industrial conditions.  The slag to matte 
mass ratio was kept constant at 1.5 while the total sample mass was 10 grams. 
 

Table I.  Initial slag sample compositions 

 

M- Marentsky type, U: UG2 type, UM blend of UG2 and Marentsky, All composition values are in mass % 

 
 
The appropriate fixed partial pressures of oxygen and sulphur were achieved by mixing CO, CO2 
and SO2 gases.  A manometer type of gas mixing apparatus employing calibrated capillary 
flowmeters was used to mix the three gases in the correct volume proportions.  The calibration of 
the capillary flowmeters was done by the bubble-flowmeter technique where special care was 
taken to ensure that the soap solution was saturated especially in the calibration of the SO2 

capillary flowmeter.  The PO2 calibration was tested by the use of iron-wustite reaction at 1303oC 
and a value of logPO2 (atm) = -10.79 was recorded as comparison to the theoretical value of -
10.72. The current experimental value is also in very good agreement with previous data2, 3.  The 
PS2 calibration was tested by the use of pressed pellets of ruthenium and tests the presence of 
ruthenium sulphide by microscopic techniques. At 1127oC, the equilibrium between ruthenium 
and ruthenium sulphide was found to be at logPS2 (atm) = -2.56, compared to the theoretical 
calculated value of -2.35. 

No SiO2 Al2O3 Fe2O3 MgO CaO Cr2O3 Basicity   Cr/Fe 

1M 42.00 6.00 21.00 15.60 15.0 0.40 0.729 0.019 

5U 49.0 3.50 17.00 25.00 2.00 3.50 0.551 0.201 

7U 50.50 9.00 13.00 20.00 5.00 2.50 0.495 0.188 

8U 51.25 5.50 16.25 17.50 7.50 2.00 0.488 0.120 

9UM 52.00 6.50 15.25 16.25 8.50 1.50 0.476 0.096 

15M 58.00 7.00 13.00 18.50 3.30 0.20 0.376 0.015 

12M 54.20 7.50 15.00 20.00 3.0 0.3 0.424 0.020 
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The quartz crucibles containing the samples were introduced to the furnace from the bottom and 
the furnace tube was immediately sealed through the use of brass flanges while the sample is still 
at the bottom flange area.  The reaction tube of the furnace was flushed for about 15 minutes 
with spectrographically pure argon before the actual gas atmosphere was employed.  After the 
actual gas mixture was turned on the sample was raised to the hot zone by the use of a quartz rod 
and pedestal and equilibrated for 24 hours and then fast quenched by speedy extraction through 
the bottom brass flange and immersion into ice water. The slag and matte samples separated into 
two distinct liquid layers which were mostly preserved during quenching and solidification. Slag 
and matte were recovered by breaking the quartz crucible, the reaction between the quartz 
crucible and the slag was not extensive.  Both samples were analyzed for their chromium content 
by the ICP technique. Duplicate analyses were performed on each sample. 
 

Experimental Results and Discussion 
 
It was observed that in spite of all the care and precautions taken to ensure adequate equilibration 
and homogenization of the samples some variation in the partition values of chromium occurred.  
In certain instances, the discrepancy between the chromium contents of the phases and the 
starting materials is possibly due to the formation of varying amounts of chromium containing 
spinels at the slag matte interface and also due to some inconsistencies in the chemical analysis 
procedure employed. Another potential source of error is the inhomogeneous nature of some of 
the sulphide melts, which may show exsolution of an oxide phase2 possibly during quenching 
although this is thought to be occurring rarely. It must however be mentioned that this is an 
ongoing research and the results presented here are preliminary and initial in character. 
Nevertheless the results indicate strong tendencies of partition values of chromium with respect 
to partial pressure of oxygen and sulphur.  The available results are collected in Table II and are 
illustrated in Figures 1 and 2.  As can be seen the partition/distribution ratio of chromium defined 
as:   
  
PCr = (Mass percent of Cr in the matte) / (Mass percent of Cr in the slag)                               (2) 
 
increases very rapidly with decreasing partial pressure of oxygen even when the sulphur partial 
pressure is decreasing for all types of slags at 1450oC.   The change of partition ratio of 
chromium with changing partial pressure of sulphur will definitely require further investigation. 
Chromium prefers to dissolve in the sulphide matte phase under reducing conditions.  This is a 
result of increased proportions of chromium existing as CrO in the silicate slag and, as a 
consequence, more chromium partitions into the sulphide matte phase, which is similar to the 
behavior of iron2.  It is apparent that the oxygen potential in the system is the more dominant 
parameter in determining the behavior of chromium.  
The plotted partition ratios of chromium for each slag displayed linear relationships and the 
regression equations had very high correlation coefficients as shown below in equations (3) to 
(9) as a function of the partial pressure of oxygen and in equations (10) to (16) as a function of 
the partial pressure of sulphur. 
 
PCr = -1.292 logPO2 – 10.900   (1M, r2 = 0.992)                                                                          (3) 
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PCr = -2.524 logPO2 – 2.129     (5U, r2 = 0.981)                                                                           (4) 
    

 
Table II.  Experimental Results  

Sample No log PO2 Iog PS2 Cr in slag  
(mass %) 

Cr in matte 
(mass %) 

Pcr =(Cr)M/(Cr)S 

1M 
B=0.729 
Cr/Fe=0.019 

-8.5 -1.2 0.410 0.030 0.07 

-9.0 -1.4 0.357 0.251 0.70 
-9.5 -1.7 0.107 0.161 1.50 
-10.0 -2.1 0.205 0.390 1.90 
-10.5 -2.5 0.193 0.521 2.70 

5U 
B= 0.551 
Cr/Fe=0.201 

-8.5 -1.2 1.360 0.150 0.11 

-9.0 -1.4 2.431 3.841 1.58 
-9.5 -1.7 2.481 6.962 2.81 
-10.0 -2.1 2.321 8.113 3.50 
-10.5 -2.5 1.706 9.315 5.46 

7U 
B= 0.495 
Cr/Fe=0.188 

-8.5 -1.2 1.650 0.660 0.40 

-9.0 -1.4 2.853 3.538 1.24 
-9.5 -1.7 2.113 3.783 1.79 
-10.0 -2.1 2.051 5.107 2.49 

-10.5 -2.5 2.021 6.559 3.24 
9UM 
B= 0.476 
Cr/Fe=0.096 

-8.5 -1.2 0.827 0.612 0.74 

-9.0 -1.4 0.648 0.713 1.10 
-9.5 -1.7 0.713 1.062 1.49 
-10.0 -2.1 0.476 0.881 1.85 

-10.5 -2.5 0.373 0.880 2.36 
15M 
B= 0.376 
Cr/Fe=0.015 

-8.5 -1.2 0.071 0.035 0.44 
-9.0 -1.4 0.084 0.110 1.31 

-9.5 -1.7 0.056 0.112 2.00 

-10.0 -2.1 0.064 0.166 2.59 
 -10.5 -2.5 0.053 0.178 3.36 
8U 
B= 0.488 
Cr/Fe=0.120 

-9.5 -2.6 0.0993 0.685 0.69 

-10.0 -3.0 1.286 1.980 1.54 
-10.5 -3.5 0.623 1.320 2.12 

12M 
B= 0.424 
Cr/Fe=0.0.20 

-9.5 -2.6 0.144 0.151 1.09 

-10.0 -3.0 0.076 0.1401 1.84 
-10.5 -3.5 0.071 0.183 2.57 
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PCr = -1.386 log PO2 – 11.335    (7U, r2 = 0.9967)                                                                      (5) 
 
PCr = -0.798 log PO2 – 6.073      (9UM, r2 = 0.995)                                                                     (6) 
 
PCr = -1.424 log PO2 – 11.588    (15M, r2 = 0.996)                                                                      (7) 
 
PCr = -1.430 log PO2 – 12.850    (8U, r2 = 0.988)                                                                         (8) 
 
PCr = -1.481 log PO2 – 12.967    (12M, r2 = 0.999)                                                                      (9)  
 
PCr  = -1.918 log PS2 –  2.041      (1M, r2 = 0.969)                                                                       (10) 
 
PCr =  -3.757 log PS2 – 3.995      (5U, r2 = 0.963)                                                                        (11) 
 
PCr =  -2.062 log PS2 – 1.836      (7U, r2 = 0.977)                                                                        (12) 
 
PCr  =  -1.196 log PS2 – 0.620      (9UM, r2 = 0.990)                                                                    (13) 
 
PCr =  -2.081 log PS2– 0.176       (15M, r2 = 0.971)                                                                     (14) 
 
PCr =  -1.571 log PS2 – 3.316      (8U, r2 = 0.971)                                                                        (15) 
 
PCr =  -1.637 log PS2  – 3.137      (12M, r2 = 0.995)                                                                     (16) 
 
The findings of this work are in reasonably good agreement with the work done by De Villiers 
and Kleyenstuber2; both studies indicate that the distribution of chromium to the liquid sulphide 
phase is more favorable under lower oxygen partial pressures and that linear relationships are 
observed between the partition ratio of chromium and partial pressure of oxygen. Despite also 
varying the sulphur partial pressure no clear tendency were observed in their study2. The range of 
the partition ratio of chromium in their work was narrower changing from about 0.27 to 3.16 but 
also their sulphur partial pressure range was narrower.  It must again be emphasized that their 
work is not a true slag matte equilibrium; and the authors2 themselves expressed that there was 
also doubts that equilibrium may not have been fully reached. 
The partition ratio of chromium can, in principle, be related to the following chemical exchange 
reaction: 
 
CrO + ½ S2 = CrS + ½ O2                                                                                                          (17)  
 
K = (PO2 / PS2)

1/2 (aCrS / aCrO)                                                                                                      (18) 
 
Due to limited data on Standard Gibbs Free Energy of formation of CrO and CrS and lack of data 
on activities and activity coefficients of both CrO and CrS at low concentrations in the slag and 
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Figure 1. The variation of the partition ratio of chromium with the partial pressure of    
                oxygen. 

 
 

 
 

Figure 2.  The variation of the partition ratio of chromium with the partial pressure of  
                 Sulphur. 
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matte compositions used in this study, this approach was not pursued. However equation 18 
clearly indicates that at a given temperature when the equilibrium constant is fixed, the partition 
ratio of chromium, here the activity ratio of CrS to CrO, will increase by decreasing partial 
pressure of oxygen qualitatively in accord with the findings of this work. 

 
 

Conclusions 
 

The partitioning/distribution ratios of chromium between silicate slags and sulphide mattes 
encountered in electric smelting of PGM containing Cu-Ni concentrates of South Africa have 
been studied at 1450oC under silica saturation and under controlled partial pressures of oxygen 
and sulphur.  The available results of this ongoing research presented here are somewhat variable 
but definitely show a strong trend of increasing the chromium content in the oxide slag phase 
with an increase in the partial pressure of oxygen while the partial pressure of sulphur also 
increases. The partition coefficients determined changed from a low value of 0.07 to a high value 
of 5.5. 
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Abstract 
Molten slag and welding flux are important materials for steel processing. Due to lack of durable 
refractory materials, there is limited publication data on the thermophysical properties of these 
slags. Therefore, in this study, we measured density and viscosity of CaO-Al2O3-SiO2 slag and 
welding flux using Aerodynamic Levitation (ADL) with CO2-laser heating in which can be 
achieve containerless and non-contacting conditions for measurements. For density 
measurements, in order to obtain correct shape of the droplet we used high-speed camera with 
the extended He-Ne laser to project the shadow image without the influence of the self-
luminescence at the high temperature. For viscosity measurement, we also have a unique 
vibration method; it caused oscillation in a sample by letting gas for levitation vibrate by an 
acoustic speaker. Using these techniques, we succeeded to measure systematically density and 
viscosity of molten oxides system. 

Introduction 

    Thermophysical properties of molten oxides are very important in manufacturing process 
control of iron and steel making, smelting, refining, casting and welding1). Molten oxide as slags 
and fluxes (usually silicates and aluminates) are used in all steps of iron and steelmaking. The 
slags provide protection of the molten metal surface from the atmosphere, absorption of 
impurities during casting and refining, lubrication between the mold and metal strand during 
continuous casting, and refining of the molten metal through slag/metal reactions at the interface. 
For these processes control, high-temperature thermophysical data of molten oxides needed for 
computer modeling of processes, development of scientific/technical understanding of processes, 
and improved process control and product quality.  However, molten oxide system have very 
wide range of components, thus, there is a considerable demand for mathematical models that 
will predict properties based on chemical composition and temperature.  For this purpose, we 
must directly and precisely measure thermophysical properties of the several key components of 
molten oxide. However, precise measurements of thermophysical properties of high-temperature 
molten oxide is very difficult, because of its high temperature conditions and high chemical 
reactivity. Therefore, previous measurements have been limited to temperature around 1800K. 
To achieve measurements over 1800K, we must use container-less approach, but we cannot use 
the electromagnetic levitation2) due to low electrical conductivity of the molten oxides. The 
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electrostatic levitation (ESL)3) technique is possible applicable for molten oxide levitation. 
However since the ESL needs ultra high vacuum conditions to avoid electric spark at the 
electrode, we cannot apply the ESL technique to measure the thermophysical properties from the 
reason of compositional change in the vacuum conditions. From these reasons we must select the 
aerodynamic levitation (ADL) technique4) for molten oxide levitation and thermophysical 
properties measurements. For measurement of thermophysical properties, density, surface 
tension and viscosity, using the aerodynamic levitation, we improved the unit of nozzle for gas 
jet flowing to the samples. If we use the conventional aerodynamic levitation nozzle, we cannot 
observe the shape of molten samples by hiding in the nozzle. The density of the molten sample 
by levitation method is obtained by dividing the mass by the volume. The volume of levitated 
molten sample obtained from the shape of the droplet using the images from the side view due to 
the modification by gravity and gas jet flow. Therefore we improved the conical nozzle shape to 
enable the observation of levitated droplet shape from the side view. We designed the nozzle 
shape by the computer-assisted design (CAD) using the numerical fluid dynamics simulations.  
Using the improved conical shape of the nozzle unit we succeeded to observe the droplet shape 
over the three quarter of the full shape. Moreover, for surface tension and viscosity 
measurements we need to measure the surface oscillation of levitated droplet, therefore we must 
develop the generation system for the surface oscillation of liquid droplet into the ADL system. 
To generate the surface oscillation of levitated droplet by ADL technique, Langstaff et al 5)

applied the acoustic oscillation system using sound speakers.  We combined the improved 
conical nozzle system and the acoustic oscillation system into the ADL system for measurements 
of density and viscosity of molten oxides.  We report our measurement results of molten oxides, 
CaO-SiO2-Al2O3 system and welding fluxes, using this new ADL system. 

Aerodynamic levitation (ADL) system for measurement of density and viscosity 
of molten oxides 

    Aerodynamic levitation (ADL) technique is fundamentally simple floating method of the 
samples by the gas-jet flow from conical nozzles, and achieves the containerless conditions to 
keep sample position.  In the ADL technique, we newly applied the acoustic oscillation system to 
generate the surface oscillation of levitated droplets.  Figure 1 shows the schematic figure of our 
ADL system for thermophysical properties measurement of molten oxides. Spherical shaped 
solid oxide samples with about 2 mm in diameter were levitated by the gas-jet flow from the 
conical nozzle, and then solid samples were melted under the containerless conditions by CO2 
laser irradiation. For the thermophysical property measurements, we applied two CO2 laser 
irradiation to the samples from the top and the bottom in order to reduce the temperature gradient 
in samples.  The sample temperature was measured by the monochromatic pyrometer with 
wavelength of nm.   
     The droplet shape from the side view shown as shown in Figure 2 was observed by the high-
speed camera as the shadow image by the back light illumination with 200mW He-Ne laser and 
with the beam shape modification system to make parallel beam.  Using the static shape of 
levitated droplet of molten oxides without the surface oscillation, we obtained the volume of 
molten oxides with the assumption of symmetrical ellipsoid shape, and then we obtained the 
density using the average mass of samples measured before and after the experiments.  For the 
viscosity measurements, we newly applied the acoustic oscillation system into the gas flow path 
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for the gas jet. Two sound speakers with phase matching were set in the small chamber inserted 
into gas flow path, then the single wave length signal input into two speakers. By the acoustic 
oscillation system the levitation gas-jet flow from the conical nozzle has single wavelength 
oscillation, as a result the droplet oscillates with the same frequency as the input signal.  The 
oscillation generates the surface oscillation as shown in Figure 3. From the surface oscillation 
damping time constant t0, we obtain viscosity  of droplet samples from following equation6); 

=
3M

20 R
t0 (1) 

where M, R, are sample mass and radius respectively. 

Figure 1 Schematic diagram of aerodynamic levitation system combine with acoustic oscillation 
generators. 

Figure 2 Shadow image of oxide droplet by ADL from the side view.  Revealing over the half 
shape of sample from the top of nozzle in the case of over the diameter of 2.381mm. 
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Figure 3 Surface oscillation data from the time variation of horizontal and vertical axis length of 
levitated oxide droplet. Damping time obtained from the time at stopping oscillation generation 

by acoustic speakers. 

Preparation of Oxide samples, slag and welding flux, for ADL 

   For slag sample, we selected ternary oxide system of CaO-Al2O3-SiO2, which were based on 
CaO-Al2O3 with small additions of SiO2.  To make the samples for ADL experiments, we 
prepared following procedures. At first, powder oxides of CaO, Al2O3, and SiO2 with purity of 
99.9% were annealed in N2 gas flow conditions at 1200K and 1hour for reducing moistures in 
the powders.  Then these powders were measured weight for adjusting the compositions and 
there were melted for making spherical shaped samples with diameter of 1.5-2.5mm by CO2 
laser on the chill Cu plate. Also for welding flux sample, we prepared same procedures. All 
oxide samples compositions are listed in Table 1 and Table2. In table 2, the names of flux are IL 
(ILmenite), RT(Rutile Type), LT(Lime Titania) and LH(Low Hydrogen). These names are 
classified by welding conditions and welding purposes. We also used the sample of G300 oxide. 
The G300 oxide is used in the commercial welding rod. We used in measurements the G300 
samples peeled off from the welding rod. Tm is liquids-line temperature calculated by CALPHD.  

Table 1 Slag oxide sample composition (wt%) 

CaO Al2O3 SiO2 Tm [K] 

CAS-1 50 40 10 1681 

CAS-2 55 35 10 1639 

CAS-3 60 30 10 1773 

CAS-4 50 30 14 1665 
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SiO2 Al2O3 CaO MgO Mn3O TiO2 Fe2O3 Tm [K] 

IL flux 25.9 5.8 20.4 19.2 28.8 

RT flux 24.0 2.6 9.0 64.4 

LT flux 21.9 12.2 21.0 44.8 

LH flux 16.7 7.6 57.8 3.2 14.7 

Measurement results of density by ADL 

   Using ADL technique combined with the acoustic oscillation method, we obtained density and 
viscosity of molten oxides. Figure 4 shows the results of density measurements of slag oxide 
sample CaO-Al2O3-SiO2 systems.  We obtained the density data of all samples in the temperature 
range from 800K to over 2200K.  These density data of molten oxides of CaO-Al2O3-SiO2 
system at high temperature could be first time obtained.  At low temperature regions, our 
measured data is good agreement with published data. Published density data of CAS-1 is 
2.75x103 kg/m3 at 1480 7), and  that of CAS-2 is 2.73x103 kg/m3 at 1600 7).  Using ADL 
system for a containerless technique, we could obtain the density data at high temperature over 
2000K without published data. These density data obtained by free cooling in the dried air 
conditions by laser power-off at the highest temperature. Therefore, all oxides changed from 
supercooled liquid to solid with the amorphous structure. After solidification, we confirmed that 
all samples had amorphous structure by x-ray diffraction. Therefore, these density data shown in 
Figure 4 include the liquid state and the solid state with amorphous structure.  In Figure 4, for 
CAS-1 and CAS-4 slope of density change with temperature changed at around 1500K. We 
attributed that this temperature was transition temperature from the supercooled liquid to the 
amorphous solid, but we found the transition temperature was at an even lower temperature 
around 800K by the differential thermal analysis (DTA).   Therefore, for CAS-1 and CAS-4 slop 
change of density with temperature around 1500K should be another reasons. Possible reason is 
deformation of droplet by gas-jet flow with the change of sample viscosity at the temperature. 
Future experiments, we should be clarified the slop change reasons.  From present results, we 
found characteristic nature of CaO-Al2O3-SiO2 system density. In the Figure 4, solid and dashed 
line shows previous results of molten CaAl2O4. Comparing the CaAl2O4 density3,5), the density 
of CaO-Al2O3-SiO2 system relatively small. This means that, SiO2 addition expands molten 
CaO-Al2O3 system volume8).  From the structure viewpoint, expansion of volume by addition of 
SiO2 means making large free volume space in liquids. We try to clarify the hypothesis by 
scattering experiments. Combining our new density measurements technique with structure 
analysis, x-ray and neutron scattering, should be powerful tool for understanding molten oxide 
properties for the future. 
   Figure 5 is density measurements results of molten oxides for the welding flux. From the 
results, we found that density of molten oxides for the welding flux is larger than molten oxide 
for slag.  Welding flux oxides includes Fe and Ti atoms, so mass is larger than the slag oxide. 
However, temperature dependence of these densities almost the same slope with the temperature 
changes. This means that, SiO2-CaO system makes mainly atomic coordinate structure in the 
liquid, and Fe2O3 and TiO2 does not strongly effect on the formation of the atomic coordinate 
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structure.  Based on the present results, a future project will be planned to study the atomic 
coordinate structure by scattering experiment in the future. In that experiment, these density data 
many useful for structure analysis.  

Figure 4 Temperature dependence of density of molten slag oxides by ADL. Line data is molten 
CaAl2O4 density. 

Figure 5 Temperature dependence of density of molten oxides used for welding flux. 

Measurement results of viscosity of molten oxides by ADL with acoustic oscillation system 

   Results of viscosity measurements by ADL with acoustic oscillation system for molten oxide 
of slag and welding flux are shown in Figure 6 and 7.  Figure 6 shows the results of slag oxides. 
CAS-1 to 4 are listed in Table 1, and CASF-1 to 4 are same compositions of CAS with small 
amount of Fe for checking about the absorption of laser wave length.   Comparing CAS with 
CASF, there are no differences, and consequently we confirmed the reproducibility of the 
measurement technique.  Present viscosity measurements using ADL system with CO2 laser 
heating achieved easily high temperature of slag samples, the previous measurement data using 
containers is in the lower temperature regions around 1500 . For the case of CAS-1 to 4, the 
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viscosity at 1500  reported from 0.2 to 0.5 Pa s7). Our measurements did not cover the 
temperature, but extrapolating of measured data to the low temperature regions the viscosity 
value agrees with the published data range.  From the temperature dependence of viscosity of 
slag oxides, all viscosity data were well fitted by Arrhenius type equations. From Arrhenius 
plotting of viscosity with inverse temperature, CAS-3 shows different tendency with other 
compositions. In density data shown in Figure 4, CAS-3 show difference with other 
compositions. The relationship between viscosity and density9) is being studied future.  
     Figure 7 shows the result of viscosity measurement of molten oxide for welding fluxes. 
Comparing the viscosity of welding flux oxides with slag oxides, the viscosity of welding flux 
oxides is smaller than that of slag oxides.  Since welding flux is used with moving Arc, it must 
move with Arc, low viscosity is required. Our data confirmed that the properties of the flux were 
within required range for welding applications.  The viscosity of LH-flux is relatively larger than 
the other fluxes. LH-flux contains 7.6wt% of Al2O3.  This shows that Al2O3 increase viscosity of 
molten oxides for welding flux.  Moreover, from the results, IL-flux, RT-flux, LT-flux and G300 
shows similar viscosity values. Since G300 sample is commercial products, we did not know the 
details compositions. From the viscosity data, tendency of temperature dependence of viscosity, 
we expect that G300 composition similar with RT-flux composition.  However, density of G300 
is smaller than RT-flux. The real composition of G300 is different with RT-flux.  

 

 
Figure 6 Temperature dependence of viscosity of molten oxide for slag of CaO-Al2O3-SiO2 

system.  
 

 
Figure 7 Temperature dependence of viscosity of molten oxide for welding fluxes. 
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Conclusion 
 

   Using Aerodynamic Levitation (ADL) system, we succeeded to measure density and viscosity 
of molten oxides for slags and welding fluxes.  We obtained density and viscosity of several 
compositions of molten oxides at the high temperature regions without published data. Density at 
low temperature regions, present data was good agreement with the published data. However,  
for the viscosity, temperature region in our measurement is higher than the previous 
measurements, therefore our obtained data could not directly compare to the published data. 
These data showed characteristic feature of molten oxide for requirement properties according to 
the application of industrial processes. However, we have not yet evaluated the accuracy of this 
measurement system. This is reason from the deformation of molten oxide droplet shape from 
the ellipsoidal with axisymmetric to the vertical axis by the gas-jet flow. We have not understood 
the deformation reason and mechanism not yet, but for evaluating accuracy of the measurement 
system we must clarify the deformation droplet in future.  
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Abstract

Solubilities of CaO and Al2O3 in copper rich molten oxide phases have wide industrial applications 
in various copper smelting and refining operations producing copper matte or blister copper. 
However, experimentally determined solubility data on these simple systems are still scarce even 
after a long spell of industrial copper making. In this experimental study, these solubilities have
been quantified by a static equilibration technique at 1250 oC in an inert atmosphere of purified 
argon gas. The compositions of condensed molten phases and all solids in equilibrium have been 
analyzed and quantified using Electron Probe Micro-Analyzer (EPMA). 

Introduction

The Cu-O-Al2O3-CaO system is an important sub system of copper making slag [1,2]. This is 
because fundamental slag properties of viscosity, surface tension and density are all affected by 
CaO, Al2O3 content of slag [1]. Additions of CaO, Al2O3 increases surface tension and slag density 
while CaO additions also decreases the slag viscosity [1]. Accurate thermodynamic and equilibria 
data of this system therefore enhances capabilities of predicting slag behavior in smelting and 
converting processes [3,4,5,6]. Accurate description of simple systems (sub systems) leads to 
improved estimation of phase equilibria of multicomponent systems. 

In the copper smelting process, Cu is introduced from feed materials while Al2O3 and CaO are 
mainly contained in flux. Due to very high oxidation nature of the process, copper is introduced in 
the slag phase. Most smelting furnaces utilizes fluxing as a tool for achieving optimal operating 
conditions, i.e. high yields at both low energy consumption and minimal refractory corrosion. 
Good knowledge of slag chemistry is therefore necessary for process control. With the application 
of multicomponent phase equilibria, thermodynamics has been used as a valuable tool in 
estimation of temperature, pressure and composition ranges in which phases of interest in 
processes are stable. However, composition of molten phase cannot be estimated solely from first 
principle calculations. As such, experimental data carefully obtained is mandatory for simple 
systems (binaries and ternaries) if accurate information is to be acquired for simulation of 
multicomponent systems [6].

The sub-systems Cu-O [7,8], Cu-O-CaO [4,5,9,10], and Cu-O-Al2O3 [11,12,13,14] have been 
investigated before despite gaps in liquidus data. The system Cu-O-Al2O3-CaO in air has also been 
recently studied in Hamuyuni et al.[6]. In their study they investigated the triple points’ equilibria 
in the temperature range 1150 to 1400 oC, employing the static equilibration technique in oxidizing 
conditions (air). Based on this recent study, the starting compositions for this study (in inert 
atmosphere of purified argon gas) have been estimated.
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This paper presents experimental phase equilibria results in the system Cu-O-Al2O3-CaO at copper 
saturation and temperature of 1250 oC. The equilibration and rapid quenching technique and 
followed by EPMA has been employed.  

Method

Sample Preparation 

We employed high purity powders as well as self-prepared cuprite (Cu2O) in the study, see Table 
1. The cuprite was prepared from A-grade copper cathode by oxidation.

Table 1 Purities and sources of materials used in the present study

Chemical Source Mass fraction purity
Copper pellets Boliden Harjavalta Oy 

(Finland)
0.99996

Calcium oxide Sigma-Aldrich (Germany) 0.999
Aluminium oxide Sigma-Aldrich (Germany) 0.9999

Self-made cuprite was acquired by oxidizing pure cathode copper in air at 1050 oC for 120 hours 
in a Lenton muffle furnace (Type; UAF 16/10) and quenching in air. Using EDS the purity of 
cuprite was estimated to be 99.99 wt %. CaO and Al2O3 when needed in right proportions were 
calcined, pelletized (1 g pellets) and synthesized to acquire primary phases, see in table 2.

Table 2 Conditions for synthesizing primary phases for the experiments
Batch 

number
CaO/(CaO+Al2O3)

(wt %)
Synthesizing Temperature 

(oC)
Synthesizing time 

(hours)

1 0.8 1500 8
2 0.55 1365 8
3 0.42 1365 8
4 0.29 1575 5
5 0.15 1600 5

Palletization of powders to enhance reaction was done at 30 MPa before synthesized at target 
temperatures. About 14 mm diameter and 3mm thick pellets were obtained. During synthetization, 
heating and cooling rates were maintained at 4 oC per minute. Sample amount for equilibration 
experiments were small (0.2 g),   in order to facilitate both fast equilibrium plus good quenching 
at the end of equilibration experiments. Platinum envelope (for holding sample) and wire (for 
suspension) have been used for the purpose of preserving the purity of the system.

Experimental Apparatus and Procedure

A Lenton vertical electrical resistance tube furnace (type; LTF- 16/450) (previously employed in 
Hamuyuni et al. [6]) of 35-mm inner diameter alumina work tube, see Figure 1, was employed in 
this study. Temperature measurement was achieved with a calibrated S–type thermocouple 
(Johnson-Matthey Noble Metals, UK). The thermocouple was connected to a Keithley 2010 DMM 
multimeter, and cold junction compensation was performed by a PT100 resistance thermometer 
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(SKS-Group, Finland, tolerance class B 1/10), connected to a Keithley 2000 DMM multimeter. 
Employing this calibrated thermocouple, temperature profiles were acquired in order to map the 
‘hot zone’ length of the furnace. 

Figure 1 Schematic vertical section of the experimental furnace.

Samples were introduced into the furnace’s hot zone supported by platinum wire, and were pulled 
from the bottom of the furnace’s work tube. Purified argon gas was employed in creating an inert 
atmosphere. Therefore argon gas was flushed for 30 minutes before the sample was brought in hot 
zone, so as to remove residual oxygen or any gas in the tube. Equilibria investigated in this system 
contains two solids in equilibrium with two liquids (4 phases). Thus for this system (using 4 
components) fixing the temperature brings the system to univariant. Five (5) univariant points in 
the dimension space of interest in the system have been chosen and experimentally studied. Their 
4- phase equilibria as numbered and referred to in this study is seen in Table 3. 

Table 3 The four-phase equilibria studied in this work
Experiment number Corresponding four- phase equilibria

1 Liquid1 + Liquid2+ Halite + C3A
2 Liquid1 + Liquid2 + C3A + C12A7

3 Liquid1 + Liquid2 + C12A7 + CA
4 Liquid1 + Liquid2 + CA + CA2

5 Liquid1 + Liquid2+ CA2 + CA6
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In Table 3, the notation Liquid1 and Liquid2 are the molten oxide and molten metal alloy 
respectively.
At the end of equilibration time, the flask of cold water (0 oC) was placed at the bottom of the work 
tube. The specimen was then released so that it quenched in the quenching media. Samples were 
dried and imbedded in epoxy resin. Because of the hygroscopic nature of CaO, all specimens were 
prepared with non-water- based lubricants. For this reason, Propylene glycol (Sigma Aldrich, 
Germany) was employed for fine polishing. All specimens were carbon-coated by means of a Leica 
EM SCD050 Coater (supplied by Leica Mikrosysteme GmbH, Wien, Austria.), before EPMA 
analyses. 

Specimen Analysis

The composition of homogenous phases were measured using Electron Probe Micro-Analyzer 
(EPMA). Cross sections of samples were employed to get a representative composition across the 
entire specimen. A CAMECA SX100 (Cameca SAS, France) equipment with five wavelength 
dispersive spectrometers (WDS) and a probe current of 40 nA was employed for EPMA. The beam 
diameter was kept between 1- In certain cases where precipitates were observed, care was 
taken when selecting the beam diameter. An accelerating voltage of 15 kV was employed. 
Standards emp

(Diopside), all of which are natural minerals. All standards were acquired 
from Astimex Scientific ltd. The PAP matrix correction procedure [15], supplied by the equipment 
manufacture, was used for raw data correction. Elemental detection limits for EPMA results were: 
Cu; 0.07, Ca; 0.02, Al; 0.02, O; 0.14 wt %.

Results and Discussions

Results of the four phase equilibria from this study can be understood well from the tetrahedron 
and represented by the tie-tetrahedron in Figure 2. The five primary phase compositions for 
corresponding univariant equilibria investigated in this study represents fixed CaO, Al2O3 ratios 
i.e. (CaO/(CaO+Al2O3)), are numbered 1-5 along the CaO-Al2O3 binary joint of the tetrahedron. 
All the experimental points in the study fall thus inside the Cu-Cu2O-CaO-Al2O3 dimension space 
of the tetrahedron and their equilibria as such may not be accurately represented by a classical 
isothermal section. Though the oxygen pressure is fixed in all 4 phase equilibria, its value is not 
known.
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Figure 2 Schematic of the quaternary system from which the univariant equilibria was 
derived

The phase compositions for the univariant points as measured by EPMA are depicted in Table 4,
and representing five phase regions at 1250 oC for the system Cu-O-CaO-Al2O3 at copper 
saturation. Each point represents 10 independent measured values from different locations of the 
same phase with a standard deviation not exceeding 1 wt %. The uncertainty of the measurements 
of temperature (T), elemental composition of phases, are depicted in the table as footnotes. In the 
table, elemental compositions of the phases quantified have been given. For comparison purposes, 
these elemental compositions have been recalculated to oxides, except for copper and oxygen.

Table 4 Experimentally determined compositions of liquid and solid phases for the system 
Cu-O-CaO-Al2O3 at Cu saturation equilibrated at univariant conditions. *

Sample 
Number

CaO/
(CaO+Al2O3)

Phase EPMA (wt %)* Recalculated Composition 
(wt %)

Cu Ca Al O Cu CaO Al2O3 O
1 0.8 Liquid

oxide
75.16 
±0.29

9.10
±0.12

0.20 
±0.03

14.51
±0.85 75.94 12.87 0.38 10.81

Halite 0.26 
±0.16

56.72
±0.19

0.17 
±0.02

41.00
±1.27 0.26 80.86 0.33 18.55

C3A 0.16
±0.02

42.60
±0.31

18.67
±0.63

38.36
±0.95 0.16 59.73 35.35 4.76

2 0.55 Liquid
oxide

78.39
±0.65

6.76
±0.08

0.22 
±0.08

13.58
±0.74 79.22 9.56 0.42 10.80

C3A 1.32 
±0.02

42.27
±0.12

18.45 
±0.23

37.62
±0.29 1.32 59.35 34.98 4.35

C12A7 1.27 
±0.08

32.56
±0.30

25.46 
±0.23

40.28
±0.34 1.28 45.75 48.31 4.66

3 0.42 Liquid
oxide

74.44 
±0.85

8.73
±0.22

0.73 
±0.06

14.99
±0.14 75.28 12.35 1.39 10.98

C12A7 1.72 
±0.05

32.39
±0.31

25.32 
±0.40

40.50
±0.46 1.72 45.35 47.87 5.05

CA 0.79 
±0.09

24.26
±0.08

32.12 
±0.12

42.52
±0.12 0.79 34.05 60.88 4.28

4 0.29 Liquid
oxide

86.34 
±0.65

0.28
±0.02

0.34
±0.09

13.30
±0.33 86.12 0.39 0.64 12.85
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CA 1.03 
±0.07

24.38
±0.58

32.13 
±0.27

42.28
±0.34 1.03 34.17 60.82 3.98

CA2 0.71 
±0.03

15.18
±0.16

39.39 
±0.36

44.49
±0.27 0.71 21.29 74.60 3.40

5 0.15 Liquid
oxide

87.51 
±0.90

0.09
±0.01

0.05 
±0.03

11.54
±0.29 88.22 0.13 0.10 11.55

CA2 1.71
±0.18

14.74
±0.12

38.62
±0.33

44.50
±0.26 1.72 20.71 73.28 4.28

CA6 1.64 
±0.04

5.84
±0.05

46.15 
±0.14

46.26
±0.16 1.64 8.18 87.29 2.88

*Standard uncertainty u(T) = 2 oC, u(x) = 0.5 wt %.

From Table 4, the solubility of CaO in liquid phase for univariant 1-3 vary within a narrow range 
of composition i.e., between 9.56 and 12.87 wt %. For 4 and 5, the solubility is negligible at < 0.5 
wt %. Al2O3 solubility in the liquid phase on the other hand is low for the entire number of invariant 
equilibria investigated in the study with the highest composition at 1.39 wt %. The solubilities 
observed in this study are fairly consistent with those of the ternary system in air [6]. Liquidus 
experimental results have been projected on the Cu2O-CaO-Al2O3 plane and are depicted in figure 
3.

Figure 3 Experimental points projected on the Cu2O-CaO-Al2O3 ternary plane. The 
numbers represents corresponding univariant points, the phase boundaries were calculated 
using MTOX database.
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From Figure 3, the difference between the experimental results and MTOX can be observed. 
Especially the concentration of Al2O3 in the liquid oxide phase has the largest difference in 
composition.

Copper was found to be soluble in all solid phases but to varying degrees. This is depicted in Figure 
4. In the figure, the number attached to each phase represents the corresponding four-phase region 
of Table 3. In both CA6 and CA2, copper was found to dissolve more than in the other aluminates
with solubilities between 1.64 and 1.72 wt % copper. The C3A and C12A7 in univariant 2 as well 
as CA when in equilibria with CA2 also have high solubilities of copper with copper content 
exceeding 1 wt % in all three phases. Halite (CaO) and C3A when in equilibrium with Halite have 
negligible copper solubilites. 

Figure 4 Solubilities of copper in halite (CaO) and calcium aluminate phases in the four-
phase equilibria of Table 3 with molten metallic copper and an oxide melt.

Four phase equilibria for the 5 univariants points investigated in this study are depicted in Figure 
5 using backscattered images of 4 homogenous phases in equilibrium at fixed temperature of 1250 
oC. In all the micrographs in the figure, the brighter matrices are the liquid phases L1 and L2

representing oxide liquid and liquid copper respectively.  Univariant point 3 with similar 
phenomena as point 2 has not been included. 
In Figure 5b, small precipitates of Cu2O were observed on quenched samples. Selecting of areas 
for analysis therefore had to be carefully done so that this phenomena does not interfere with 
measured values. C3A is the most hygroscopic of the calcium aluminates and can be observed by 
the breaking down of the phase in Figure 5a and b.
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Figure 5 Backscattered scanning electron micrographs of quenched samples, equilibrated in 
copper saturation at 1250 oC: (a) univariant #1, (b) univariant #2, (c) univariant #4, (d) 
univariant  #5, from Table 3

Conclusions

Solubilities of CaO and Al2O3 in copper rich molten oxide phases have been investigated in the 
system Cu-O-Al2O3-CaO. In the investigation, the high temperature equilibration followed by fast 
quenching technique has been employed.  Experiments were conducted in an inert atmosphere of 
purified argon gas at 1250 oC. The compositions of condensed molten phases and all solids in 
equilibrium have been analyzed by Electron Probe Micro-Analyzer (EPMA). 
Five (5) four phase univariant equilibria systematically chosen to represent the system have been 
used in the study. For the univariant equilibria investigated at this temperature, CaO in liquid phase 
studied varies between 0.13 and 12.87 while Al2O3 12A7 when in 
equilibrium with CA and CA2 when in equilibrium with CA6 have the highest copper solubilities 
between 1.64 and 1.72 wt % copper.
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Abstract 

The chemistries of industrial pyrometallurgical non-ferrous smelting and recycling processes are 
becoming increasingly complex. Optimisation of process conditions, charge composition, 
temperature, oxygen partial pressure, and partitioning of minor elements between phases and 
different process streams require accurate description of phase equilibria and thermodynamics 
which are the focus of the present research. The experiments involve high temperature 
equilibration in controlled gas atmospheres, rapid quenching and direct measurement of 
equilibrium phase compositions with quantitative microanalytical techniques including electron 
probe X-ray microanalysis and Laser Ablation ICP-MS. The thermodynamic modelling is 
undertaken using computer package FactSage with the quasi-chemical model for the liquid slag 
phase and other advanced models. Experimental and modelling studies are combined into an 
integrated research program focused on the major elements Cu-Pb-Fe-O-Si-S system, slagging 
Al, Ca, Mg and other minor elements. The ongoing development of the research methodologies 
has resulted in significant advances in research capabilities. Examples of applications are given. 

Keywords: copper and lead smelting, recycling, slag, phase equilibria, thermodynamic 
modelling, liquidus, minor elements distribution. 

1. Introduction
Economic and environmental issues require optimisation of the metallurgical primary and 
recycling operations that in turn needs accurate and reliable information on high temperature 
chemistry of increasingly complex slag/matte/metal systems. The lack of data and reliable 
models exists due to difficulties in high temperature experiments and thermodynamic modelling.  
Recent advances in analytical techniques, experimental methodologies, computer power and 
thermodynamic modelling theory provide new opportunities in this field. Present paper i) 
outlines recent progress by the authors and ii) gives examples of the integrated experimental and 
thermodynamic modelling research on the high temperature slag/matte/metal system with major 
elements Cu-Pb-Fe-O-Si-S, slagging elements Al, Ca, Mg and other minor elements such as As, 
Ag, Au, Sb, Sn, Bi and Zn.  This research program is undertaken to support smelting and 
recycling production of copper, lead and other non-ferrous metals. 

2. Research Tools

2.1. Experimental Methodology  
The equilibration/quenching/EPMA experimental approach that is being continuously developed 
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and applied to the increasingly complex systems is briefly explained with reference to Figure 1 
[1]. An artificial oxide mixture prepared from the analytically pure powders, pre-sintered solids 
or pre-melted master slags to obtain after equilibration a predetermined bulk composition X with 
two or more phases, is placed in a crucible, a thin foil or on a substrate made of a primary phase, 
then suspended on a wire to be equilibrated at controlled temperatures and gas atmospheres 
(maintained by mixture of pure gases such as CO, CO2, H2, Ar, SO2 etc) or inside sealed 
ampoules. Predictions with preliminary thermodynamic models using FactSage package [2] are 
used to plan experiments. The furnace temperature is controlled to achieve overall accuracy 
within 5 K or better.  The gas atmosphere is controlled to the actual accuracy of PO2 better than ± 
0.1 Log (PO2) units (~+0.02 LogPO2 can be achieved with special measures). The samples are 
quenched into iced water or salt solution so that the liquid phases are converted to glass or fine 
microcrystalline material, and the solid crystals existed at the temperature are frozen in place 
thus representing equilibrium phases existed at the temperature (see example of final 
microstructure in Figure 1). The sections are prepared, resulting microstructures are examined 
with optical and then Scanning Electron Microscopy (SEM) and the compositions of the phases 
(glass, microcrystalline and solids) are then measured using an electron probe X-ray 
microanalyser (EPMA) with Wavelength Dispersive Detectors (WDD) with accuracy within 1 
wt % or better.  Laser Ablation ICP-MS microanalysis technique is used for minor elements at 
low (ppm and ppb) concentrations with spatial resolution of ~30-50�m. 

The key advantage of this approach is that the accuracy of results are independent from the 
changes of bulk composition during the experiment (provided the achievement of equilibrium 
between phases is confirmed) since the compositions of phases are measured after rather than 
before the experiment thus eliminating uncertainties due to interaction with the containment 
material (crucible, substrate), vaporisation of some elements during equilibration, uncertainties 
in the initial mixture composition and the changes in phase compositions due to the gas / metal / 
matte / slag / solid(s) interactions. The small size (down to a several micron film) and direct 
exposure to gas and quenching media of the liquid slag /matte / metal phases equilibrated on 
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solid substrates enhances achievement of a) equilibrium of condensed phases with the gas phase 
as well as b) high quenching rates, thus extending the applications to the systems where these 
factors are the limitations for research. The compositions of all liquid and solid solution phases at 
equilibrium are measured directly providing data for further thermodynamic modelling. The 
achievement of equilibrium and other factors affecting uncertainties can be directly investigated 
from microstructural analysis and compositional profiles at micro (~ <20�m) and macro (~ 
>20�m) scale measured with EPMA or other microanalysis techniques.  The key tests to ensure 
the achievement of equilibrium include: 
1. Changing the equilibration time to confirm that no further changes take place with time. 
2. Confirming the chemical homogeneity of phases and samples. 
3. Approaching equilibrium from different directions. 
4. Analysing possible reactions taking place during equilibration.   
Available analytical techniques including SEM imaging and EPMA analysis of the 
compositional gradients across the phases used in the present study are particularly effective for 
the analysis of possible signs of incomplete reaction pathways during equilibration. 
None of the separate tests on their own can be taken as the final prove of the achievement of 
equilibria and the systematic and simultaneous application of all four tests is essential. 
 
The equilibration / quenching / microanalysis approach to phase equilibrium determination has 
greatly extended the range of metallurgical systems that can be characterised.  Experimental 
methodology is described in more details in previous publications [1, 3].  Examples of the 
application of this experimental approach can be found in a number of publications for various 
chemical systems, and a summary of earlier publications relevant to different chemical systems 
is given in Jak [3]. 
 
2.2. Thermodynamic modelling 
 
Thermodynamic databases are developed through thermodynamic optimization that involves 
selection of proper thermodynamic models for all phases in a system, critical simultaneous 
evaluation of all available thermodynamic and phase equilibrium data and optimization of 
thermodynamic model parameters to obtain one self-consistent set best reproducing all 
experimental data as functions of temperature and composition.  
 
In the thermodynamic "optimization" of a system, all available thermodynamic and phase 
equilibrium data for the system are evaluated simultaneously to obtain one set of model equations 
for the Gibbs energies of all phases as functions of temperature and composition.  From these 
equations, the thermodynamic properties and the phase diagrams can be back-calculated. 
Thermodynamic property data, such as activity data, can aid in the evaluation of the phase diagram, 
and phase diagram measurements can be used to deduce thermodynamic properties.  Discrepancies 
in the available data can be identified during the development of the model. These discrepancies can 
then be resolved through new experimental studies that, if possible, are undertaken in areas essential 
for further thermodynamic optimizations. Multicomponent data, if available, are used to derive and 
test low-order (binary and ternary) model parameters, and if multicomponent data for a system are 
lacking, the low-order parameters are extrapolated. In this way, the thermodynamic databases are 
developed and all the data are rendered self-consistent and consistent with thermodynamic 
principles. FactSage computer system [2] has been used by the authors for the thermodynamic 
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modelling. The molten slag phase is modelled by the Modified Quasichemical Model [4] in 
which short-range-ordering is taken into account. Oxide solid solutions are described with a 
polynomial model or with the Compound Energy Formalism [5]. 
 
2.3. Integrated thermodynamic database development using modelling and experimental 
studies 
 
The integrated combination of experimental and thermodynamic modelling studies carried out in 
parallel is an important factor in the present study to ensure high productivity and quality of 
research outcomes. The initial thermodynamic assessment is used a) to evaluate existing 
experimental data, b) to identify areas of importance for experimental research, c) to focus new 
experimental work to resolve discrepancies of previous or acquire new data, and d) to assist in 
detailed planning of the individual experiments in complex systems. There is usually a lack of 
experimental information to test model predictions in the multi-component slags and therefore 
multi-component databases are frequently developed on the basis of only binary and ternary data 
thus effectively extrapolating the low order binary and ternary parameters into a multi-component 
area without test. The present experimental program, in addition to the work on the binary and 
ternary systems, specifically focuses on multi-component systems in the composition and oxygen 
partial pressure ranges close to the important industrial slags.  The thermodynamic model then is 
checked and corrected to agree with those multi-component measurements in the vicinity of the 
industrial slags. This is an important feature of the present study – the optimisation is performed in a 
number of cycles from binary and ternary to the multi-component systems and back so that binaries 
and ternaries are reoptimized to reach agreement also with the extensive data set in the multi-
component area.  Summary of the examples of the integrated experimental and thermodynamic 
modelling approach can be found in Jak [3]. 
 
3. Overview of results relevant to the non-ferrous smelting and recycling systems. 
 
3.1. Example of experimental study in the Cu-Fe-O-S-Si system 
 
The Cu-Fe-O-S-Si system is essential to copper and many other non-ferrous smelting and 
recycling processes. Present study on this system used experimental and overall integrated 
approach outlined above. Reactions taking place during equilibration between 
gas/slag/matte/solids phases are complex and substantial development of experimental 
methodology was required to achieve high reliability of results. Experiments were undertaken on 
tridymite or spinel substrates at fixed temperature and gas atmosphere with PO2 and PSO2 
controlled by CO/CO2/SO2 gas mixtures. The smallest set of graphs but sufficient to describe 
measured compositions of all phases included i) PO2, and S in matte and ii) “FeO”, S and Cu in 
slag, all plotted as functions of Cu in matte (oxygen concentrations in matte and slag were not 
measured in this study). Pure oxide, sulfide and metal powders were mixed in carefully planned 
proportions to obtain slag and matte starting compositions based on the assumption of relatively 
fast equilibration achieved between condensed phases.  Initial starting phase compositions and 
proportions of oxide, sulfide and metal powders were predicted with FactSage with preliminary 
database. The microstructures of the preliminary short experiments were carefully analyzed, 
compositions of slag and matte phases were plotted in graphs and compared to predicted, 
composition gradients at micro and macro scales were measured in all phases across samples and 
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presented on the selected set of graphs. The trends of the compositional changes across phases 
and across samples were analyzed and this way key reactions taking place during equilibration 
were identified. The classification of phase microstructures was developed and introduced based 
on relative locations of phases. Figures 2 and 3 present example of non-equilibrium preliminary 
experiment in the Cu-Fe-O-S-Si system undertaken at 1200°C, PSO2=0.25 atm and PO2=10-8.6 atm. 
The microstructure of this sample presented in Figure 2 illustrates different morphologies of 
matte dependent on relative locations to the gas and slag phase.   

 

 
Figure 2. Example of microstructure from none-equilibrium preliminary experiment in the Cu-
Fe-O-S-Si system undertaken at 1200oC, PSO2=0.25 atm and PO2=10-8.6 atm. 
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Figure 3. Schematic with oxygen partial pressure vs matte grade in the Cu-Fe-O-S-Si system at 
1200°C and PSO2=0.25 atm showing change of the matte and slag compositions in non-
equilibrium samples during equilibration at fixed oxygen partial pressure 10-8.6 atm due to the 
mass exchange reaction FeS (matte)+3CO2 (gas) ↔ FeO (slag) +SO2 (gas)+3CO (gas). 

  

  
Figure 4. Set of graphs describing phase equilibria in the Cu-Fe-O-S-Si system between 
gas/slag/matte/tridymite at T=1200°C and PSO2=0.25 atm. 
 
The key overall mass exchange reaction between gas, slag and matte in this series of experiments 
was identified as FeS (matte)+3CO2 (gas) ↔ FeO (slag) +SO2 (gas)+3CO (gas) (1) (a number of other 
elemental reactions also have to be considered). The matte particle “a” completely surrounded by 
slag (see Figure 2) is blocked from the gas by the slag layer, and therefore the overall mass 

952



 

exchange reaction (1) requires a number of additional steps including gas-slag, diffusion of 
reactants and products through the slag phase and slag-matte reactions, so that the rate of the 
overall reaction (1) would be slow and the composition of the “a”-matte particle will be close to 
the initial matte composition and far from equilibrium (see schematic in Figure 3). The matte 
particle “b” on the surface of the slag is exposed to the gas, the overall reaction (1) would 
therefore progress fast, and the composition of the matte particle “b” would be close and 
eventually equal to the equilibrium matte composition – this is confirmed by longer experiments 
with starting matte composition located on both sides from but close to the final equilibrium 
point (see Figure 3). Identification of the key reactions was used to introduce a number of other 
experimental modifications such as substrate shape, initial mixture preparation (e.g. different 
proportions of metal/sulfide/oxide powders), master slag, master matte and other. Independent 
tests by other researchers were used in this study. 

Figure 4 presents results for the equilibria between gas/slag/matte/tridymite phases in the 
Cu-Fe-O-S-Si system at T=1200°C and PSO2=0.25 atm obtained in this study using approaches 
outlined above.   

Ranges of temperatures 1200-1300°C, SO2 partial pressures 0.1-0.6 atm, matte grades 50-
80wt%Cu, slag compositions from equilibria with tridymite to spinel, liquid phase  assemblages 
(slag/matte, slag/metal and slag/matte/metal) are being investigated in the Cu-Fe-O-S-Si system 
with addition of Ca, Al, Mg as part of the overall research program. These experiments continue 
systematic characterization of the high-temperature chemistry of copper, lead and other non-
ferrous smelting and recycling systems; summary of previous research is given in [3], more 
recent experimental work is published in [6-12].   
 
3.2. Thermodynamic modelling results and integrated approach 
 
A series of studies focused on phase equilibria and thermodynamics of the chemical systems 
important to the Cu pyrometallurgical production have been undertaken over recent years using 
the integrated experimental and thermodynamic modelling approach resulting in the 
development of thermodynamic database for copper-containing systems; the summary of 
previous studies is given in [3], more recent results are published in [13-22].   

 
Figure 5. Comparison of the experimental data and thermodynamic model predictions in the Cu-
Fe-O-Si system in equilibrium with metallic copper at fixed copper oxide concentrations in slag 
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and prediction of the effect of CaO addition on liquidus and solidus in the Ca-Cu-Fe-O-Si system 
in equilibrium with metallic copper. 

  

  
Figure 6. Comparison of the experimental data and thermodynamic model predictions in the Ca-
Cu-Fe-O-Si system in equilibrium with metallic copper and gas at fixed oxygen partial pressures 
of 10-8 and 10-6 atm. 
 
Figure 5 illustrates an example of comparison of thermodynamic model predictions with the 
experimental results on the Cu-Fe-O-Si system in equilibrium with metallic Cu at conditions 
relevant to the direct to blister production [6]. Figure 6 provides an example of study on multi-
component system Ca-Cu-Fe-O-Si system in equilibrium with metallic Cu [6, 13]. Good 
agreement between experimental data and FactSage predictions with the new thermodynamic 
database is demonstrated in these figures.   
 
Integrated research program on the development of multi-component thermodynamic database 
ranges from a) the work on low order (binary and ternary) systems that are particularly important 
foundation for thermodynamic modelling to b) the investigations of the multi-component 
systems close to the industrial slags – the latter are used directly in industrial practice as well as 
provide an essential test for the development of the multi-component thermodynamic model.   
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Example of the application of thermodynamic database along with the FactSage package is given 
in Figure 5 that gives predicted effect of fluxing with CaO to reduce liquidus and solidus in the 
slag relevant to the direct-to-blister copper smelting. Predictions show that although addition of 
CaO results in the significant decrease of the solidus temperatures, the shift of the spinel liquidus 
to the lower Fe/SiO2 range indicates at a possible need to increase addition of SiO2 flux.  The 
thermodynamic model can now be used to evaluate the optimum combination of temperature, 
flux additions and other thermochemical parameters to reach required operational criteria. 
 
4. Characterization of minor elements distribution coefficients – application of the EPMA / 
Laser Ablation ICP-MS microanalysis 
 
Present research program is further extended to characterize distribution coefficients of minor 
elements such as As, Pb, Zn, Sn, Sb, Bi, Au, Ag between slag, matte and metal phases in the 
non-ferrous system Cu-Fe-O-S-Si with addition of minor slagging elements Al, Ca,  
Mg. The distribution coefficients for some elements (e.g. Ag, Au) are far from 1:1 resulting in 
very low concentrations in some phases. The limitation of the research in this direction is the 
minimum detection limit and spatial resolution of the available quantitative microanalysis 
techniques. EPMA cannot routinely provide required accuracy at elemental concentration of ppm 
(parts per million) level. The laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) microanalysis technique provides the necessary low minimum detection limits [11]. 
Present research program is extended to develop a combined EPMA / LA-ICP-MS methodology 
to measure concentrations of elements in slag, matte and metal phases down to ppb levels [11]. 
Figure 7 demonstrates recent results [11] on the distribution coefficients of Ag and Au between 
slag and metal (wt% Me in slag / wt% Me in matte, where Me=Ag or Au) vs matte grade in the 
sample with slag/matte/metal/tridymite 4 phases in equilibrium at 1200°C in the Cu-Fe-O-Si 
system with addition of Ag and Au minor elements.   

 
Figure 7. a) Microstructure of and b) distribution coefficients of Ag and Au between slag and 
metal vs matte grade wt %Cu/[Cu+Fe+S] in the sample with slag/matte/metal/tridymite 4 phases 
in equilibrium at 1200°C in the system Cu-Fe-O-Si with addition of Ag and Au minor elements 
[11]. 
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Figure 8. Back-scattered image of microstructure (top) and projection of phase compositions in 
the slag/matte/alloy/tridymite sample in the Cu-Fe-O-Pb-S-Si system equilibrated in the SiO2 
ampoule at T=1250°C for 18h. 
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5. Further research on the Pb-Cu-Zn-S-containing systems 
 
The research has recently been extended to characterize the Pb-Cu-Zn-S-containing systems.  
Previous research on the Pb-Zn-containing systems was undertaken on the oxide-only systems 
PbO-ZnO-FeO-Fe2O3-CaO-SiO2 with addition of Al2O3 and MgO in two extreme conditions – in 
air and in equilibrium with metallic iron. Thermodynamic database for the Pb-Zn-O-containing 
slag developed nearly two decades ago [23] used models available at that time. Many 
improvements in experimental and modelling techniques have been made and are being 
implemented now to characterize the thermo-chemistry of the Pb-Cu-Zn-S-containing slag / 
matte / metal / speiss systems of particular importance to non-ferrous and recycling systems. 
 
Figure 8 presents the microstructure and projection of phase compositions in the sample in the 
Cu-Fe-O-Pb-S-Si system equilibrated in the SiO2 ampoule at T=1250°C with complex slag, 
matte and metal alloy phases in equilibrium. These experiments provide important data on the 
tridymite liquidus of the complex slag as well as on the characterization of these complex 
systems and partitioning of Pb, Cu, Fe and S between phases. Results of these experiments are 
critical for further development of the thermodynamic database. 
 
6. Conclusions 
 
Advanced experimental and thermodynamic modelling techniques are continuously developed to 
characterize the thermochemistry of complex non-ferrous smelting and recycling systems. There 
is an opportunity now to use these powerful outcomes to improve metallurgical operations. The 
combination of several related research and development activities is believed to be the most 
efficient and promising approach that should include: 
a) continuous laboratory-based fundamental and applied experimental research, 
b) theoretical modelling integrated with experimental research, 
c) plant tests and experiments, and  
d) systematic implementation program combining collaborative efforts of technologists and 
researchers. 
 
7. Acknowledgements 
  
The authors would like to thank Australian Research Council Linkage program, Altonorte 
Glencore, Atlantic Copper, Aurubis, BHP Billiton Olympic Dam Operation, Kazzinc  Glencore, 
Nyrstar, PASAR  Glencore, Outotec (Espoo and Melbourne), Anglo American Platinum, and 
Umicore for the financial and technical support.   
 
8. References 
 
1. Jak E., Lee H.G. and Hayes P.C., "Improved methodologies for the determination of high 

temperature phase equilibria", Korean IMM J, 1995, vol.1, pp. 1-8. 
2. Bale, C. W.; Chartrand, P.; Decterov, S. A.; Eriksson, G.; Hack, K.; Mahfoud, R. B.; 

Melançon, J.; Pelton, A. D.; Petersen, S. CALPHAD; FactSage, Ecole Polytechnique, 
Montréal. 2002 http://www.factsage.com/, 2002. 

957



 

3. E.Jak, “Integrated experimental and thermodynamic modelling research methodology for 
copper and other metallurgical slags”, Keynote Invited Lecture, MOLTEN 12, The 9th 
int. conf. on molten slags, fluxes and salts, Beijing, China, May 2012, paper w77. 

4. Pelton, A.D., Decterov, S.A., Eriksson, G., Robelin, C., and Dessureault, Y.(2000). The 
Modified Quasichemical Model. I—Binary Solutions. Metall. Mater. Trans. B, vol. 31B. 
pp. 651–659; ibid vol. 32A. pp. 1355-1360; ibid vol. 32A, 1397-1407. 

5. Hillert, M., Jansson, B., and Sundman, B.(1988). Application of the Compound-Energy Model 
to Oxide Systems. Z. Metallkd., vol. 79, no. 2. pp. 81–87. 

6. T. Hidayat: "Equilibria Study of Complex Silicate-based Slag in the Copper Production", Ph.D. 
thesis, The University of Queensland, 2013. 

7. T.Hidayat, D.Shishin, S.Decterov, and E.Jak, “Experimental Study and Thermodynamic Re-
evaluation of the FeO-Fe2O3-SiO2 system", Met. Trans. B, submitted May 1, 2013, 
Accepted, Jan 2014, Paper #: E-TP-13-344-B. 

8. T.Hidayat, D.Shishin, S.Decterov, P.Hayes and E.Jak, “Integrated Experimental And 
Modelling Research on Copper-Making Slags”, Conference of Metallurgists, Canadian 
Institute of Metallurgy, Bill Davenport Honorary Symposium, Vancouver, Canada, 2014. 

9. E. Jak, T. Hidayat, D. Shishin, P. Hayes, “Recent Advances in Research for Non-ferrous 
Smelting and Recycling”, in Proceedings of EMC 2015, Dusseldorf, Germany. 

10. T. Hidayat, A. Fallah Mehrjardi, P. Hayes, E. Jak, “Experimental study of slag/matte/spinel 
equilibria and minor elements partitioning in the Cu-Fe-O-S-Si system”, Molten 2016, 
10th International Conference on Molten Slags, Fluxes and Salts, May 2016, Seattle, 
Washington, USA. 

11. J. Chen, C. Allen, P. Hayes, E. Jak, “Experimental Study of Slag/Matte/Metal/Tridymite Four 
Phase Equilibria and Minor Elements Distribution in "Cu-Fe-Si-S-O” System by 
Quantitative Microanalysis Techniques”, Molten 2016, 10th International Conference on 
Molten Slags, Fluxes and Salts, May 2016, Seattle, Washington, USA. 

12. M. Shevchenko, T. Hidayat, P. Hayes, E. Jak, “Liquidus of “FeO”-SiO2-PbO slags in 
equilibrium with air and with metallic lead”, Molten 2016, 10th International Conference 
on Molten Slags, Fluxes and Salts, May 2016, Seattle, Washington, USA. 

13. D. Shishin: "Development of a thermodynamic database for copper smelting and converting", 
Ph. D. thesis, Ecole Polytechnique of Montreal, 2013. 

14. D. Shishin, T. Hidayat, E. Jak, S. A. Decterov, “Critical assessment and thermodynamic 
modeling of the Cu-Fe-O system”, CALPHAD: Computer Coupling of Phase Diagrams 
and Thermochemistry 41 (2013) 160–179. 

15. T.Hidayat and E.Jak, "Thermodynamic modelling of the “Cu2O”-SiO2, “Cu2O”-CaO, and 
“Cu2O”-CaO-SiO2 systems in equilibrium with metallic copper", International Journal of 
Materials Research (formerly: Zeitschrift fuer Metallkunde), , Vol. 105, 2014, pp. 249–
257. 

16. T. Hidayat, D. Shishin, E.Jak and S.A. Decterov, “Thermodynamic Re-evaluation of the Fe-O 
System”, CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry, 
Vol.48, March 2015, Pages 131–144. 

17. D. Shishin, E. Jak, S. A. Decterov, “Critical assessment and thermodynamic modelling of the 
Fe–O–S system”, J. Phase Equilib. & Diff., June 2015, Volume 36, Issue 3, pp 224-240 

18. D. Shishin, E. Jak, S. A. Decterov, “Thermodynamic assessment and database for the Cu–Fe–
O–S system”, Calphad, Volume 50, September 2015, pp. 144–160. 

958



 

19. T.Hidayat, D.Shishin, S.Decterov, and E.Jak, "Critical Thermodynamic Evaluation and 
Optimization of the CaO-FeO-Fe2O3-SiO2 System", Met. Trans, submitted May 19, 2013, 
Paper #: E-TP-13-369-B, accepted Nov 2013. 

20. D. Shishin, V. Prostakova, E. Jak, and S. Decterov, “Critical Assessment and 
Thermodynamic Modeling of the Al-Fe-O System”, Metall Mater Trans B, 47(1), 2016, 
pp. 397-424. 

21. T.Hidayat, D.Shishin, S.Decterov, and E.Jak, “Thermodynamic Optimization of the Ca-Fe-O 
System", Metallurgical and Materials Transactions B, February 2016, Volume 47, Issue 1, 
pp 256-281 

22. D. Shishin, T. Hidayat, S. Decterov, E. Jak, “Thermodynamic modelling of liquid slag-matte-
metal equilibria applied to the simulation of the Pierce-Smith converter”, Molten 2016, 
10th International Conference on Molten Slags, Fluxes and Salts, May 2016, Seattle, 
Washington, USA.  

23. Jak E., Degterov S., Hayes P.C., Pelton A.D., "Thermodynamic modelling of the system PbO-
ZnO-FeO-Fe2O3-CaO-SiO2 for zinc/lead smelting", Proceedings of the Fifth International 
Symposium on Metallurgical Slags and Fluxes, Iron and Steel Society, AIME, Sydney, 
publ. Iron and Steel Society, Warrendale, PA, 1997, pp. 621-628. 

 

959



Experimental Study of Slag/Matte/Metal/Tridymite Four Phase
Equilibria and Minor Elements Distribution in "Cu-Fe-Si-S-O” System by

Quantitative Microanalysis Techniques

Jeff (Jiang) Chen1, Charlotte Allen2, Peter C. Hayes1, Evgueni Jak1

1PYROSEARCH, School of Chemical Engineering, The University of Queensland, Brisbane, 
Australia

2Central Analytical Research Facility, Institute for Future Environments, Queensland University 
of Technology, Brisbane, Australia

Keywords: phase equilibria, trace elements, quantitative microanalysis

Abstract

Laboratory studies have been carried out to determine the slag/matte/metal/tridymite four 
condensed-phase equilibria in the "Cu-Fe-Si-S-O” system and the minor element distributions
between the equilibrated phases at 1200oC. A combined quantitative microanalysis technique 
including electron probe X-ray microanalysis (EPMA) and laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) has been developed to accurately characterize the 
equilibrated system for both major and minor elements. Analysis precision, estimated accuracy 
and current limitations are discussed. The resulting elemental distributions are plotted against 
matte grade and compared to FactSage predictions. It was found that the experimental results for 
major elements are in good agreement with FactSage predictions. The simultaneous distributions 
of Ag and Au between slag, matte and metal phases are reported for the first time.

Introduction

Current copper production via pyrometallurgical process involves: a smelting process in which 
copper sulfide concentrate is smelted to produce copper-rich matte and fayalite or calcium ferrite 
slag; and a converting stage in which copper matte is converted to copper metal. In order to 
optimize and improve present industrial practice for copper production, extensive laboratory scale 
studies have been carried out to obtain the fundamental data on phase equilibria, thermodynamic 
and physicochemical properties of complex multi-component slag/matte/metal systems. However, 
there are significant difficulties in conducting high temperature experiments and quantitatively 
analyzing samples using conventional experimental and analysis techniques. These difficulties 
arise from the fact that the samples contain many phases at micro-scale with presence of trace 
elements at concentration of ppm (part per million, or 0.0001wt%) levels. As a result, there are 
significant knowledge gaps and discrepancies in the existing scientific data for these systems.

This project is part of an integrated research program that combines both experimental and 
thermodynamic modelling studies to characterize the complex multi-component 
oxide/sulfide/metal systems at high temperature, of interest to pyrometallurgical production of 
copper. The specific aim of the present study is to 

1. develop experimental and analytical methodology to characterize phase equilibria of the
slag/matte/metal/tridymite systems;
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2. determine the equilibrium distribution coefficients of minor elements between four 
condensed phases, slag/matte/metal/tridymite. 

 
The experimental conditionsin the present study are in some cases not be directly relevant to the 
current industrial conditions for copper making, however, the fundamental data generated from 
this study is vital for the construction of a self-consistent thermodynamic database to model and 
to subsequently optimise industrial processes. 
 

Experimental 
 
Experimental technique for high temperature phase equilibria 
The experimental technique used in present study was based on the technique previously 
developed at PYROSEARCH [1-2]. It involves the preparation of a chemical mixture sample of 
predetermined composition. The sample mixture is equilibrated at a fixed temperature. On rapid 
cooling the liquid phases convert to glass so that the phase assemblage that exists at high 
temperature is "frozen in". The compositions of the solid and liquid phases are then measured 
using microanalysis techniques. 
 
In this system, the equilibrium is determined by the presence of the four condensed phases. The 
procedure used follows the sequence outlined below. 
 
a. Determination of initial bulk composition 
An estimation of the initial bulk composition of the mixture is carried by FactSage 6.2 [3] 
calculation at the temperature of interest. The initial chemical components used were Cu2O, Cu, 
Cu2S, Fe, FeO, FeS and SiO2. The criteria for composition selection in this case are 
1. All slag, matte and copper metal three phases are present at equilibrium with tridymite;  
2. Matte grade is within the composition range interest; 
3. The proportion of slag, matte and copper metal is close to 50, 25 and 25wt% respectively. 
 
High purity chemicals of Cu2O, Cu, Cu2S, Fe, FeO, FeS and SiO2 were mixed at the selected ratios; 
Small amounts (<1wt%) of the minor elements of interest (e.g. Au and Ag) were doped into the 
mixture. The prepared chemical mixture of total weight approximately 0.3g was added into a silica 
ampoule before it was evacuated and sealed. 
 
b.         Equilibration  
The sample mixture in the silica ampoule was equilibrated at 1200oC for 6 to 24 hours in a vertical 
tube furnace. 
 
c. Quenching 
Rapid quenching rate is crucial to ensure a quality sample for following microanalysis. Both the 
matte and copper metal require much faster quenching rates than slag in order to produce 
homogeneous phases for analysis. The much larger thermo-mass of silica ampoule (8-9g) 
compared to the actual sample (0.3g) would result in a decrease in cooling rate, which is 
undesirable. 
In the quenching procedure previously used samples are dropped directly into a container that 
contains large amount of cold water. In present study, modification has been made to this by 
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placing a hard ceramic brick at the bottom of the container. The container then was filled with 
water to a height just about 20mm above the top level of the brick. During quenching, the silica 
ampoule dropped under gravity onto the brick and was found to disintegrate on impact so that 
sample inside the ampoule could be in direct contact with water almost instantaneously. Reducing 
the amount of water reduced the buffering effect and ensured the disintegration of the ampoule. 
Photos of samples before and after equilibration are shown in Figure 1 
 

 
Figure 1 Photos of samples before and after equilibration 

 
Development of analysis technique 
 
EPMA 
 
Electron Probe X-ray Microanalysis (EPMA) is a powerful microanalysis technique and has been 
increasingly used to quantitatively determine the composition of metallurgical samples including 
oxides, sulfides and metals. At PYROSEARCH efforts have been made to ensure accurate 
measurements by EPMA based on the understanding of its capability and limitation at fundamental 
level. The following issues were taken into account. 
 
1. Identify and minimize background/peak interferences 
The probability of background/peak interferences during EPMA measurement increases 
proportionally with increase of number of elements in the sample for analysis. Efforts have been 
made, and accurate background positions of each element have been determined for the 
measurement, to avoid/minimize the background/peak interferences. 
 
2.        Reduce minimum detection limit (MDL) 
EPMA is generally used for quantification of elements with concentration greater than 1wt% with 
good accuracy and precision. However, complications arise when the concentrations of the 
elements of interest are below 1wt%. The concentration of an element below its limit of detection 

1mm 1mm 
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cannot be measured with confidence. As part of the development of analysis technique, current 
procedure has been modified to enable the measurement of some of the minor elements of interest. 
An example is shown in Figure 2. It can be seen, according to current analysis procedure with 10 
second counting time on background, the MDL of Ag is close to 1400ppm, by increasing 
background counting time during the measurement to 300 seconds, the MDL is decreased down 
to close 200ppm. 

 
Figure 2 Relationship between MDL of EPMA measurement on Ag and background counting time 
on JEOL 8200 superprobe (probe current: 15nA, acceleration voltage: 15Kev, probe size: 0, X-ray 
measured: Ag Lα) 
 
3.       Reduce the effect of boundary secondary X-Ray fluorescence  
Uncertainties in measurement as a result of secondary X-Ray fluorescence can occur when EPMA 
measurements are undertaken on material close to phase boundaries. Excited high energy X-Rays 
of a particular element in one phase can travel through to another phase and excite low energy X-
Rays of another element and therefore influence the observed concentration. This effect can 
introduce significant error to the measurement results, especially when there is a significant 
concentration difference of an element in the two adjacent phases (e.g. Fe concentration in copper 
metal measured close to the interface with slag phase could be systematically higher than actual). 
In the present study this effect has been evaluated by simulation software CalcZAF and action has 
been taken during actual EPMA measurement to minimize its effect on the measurement results 
(i.e. taking measurements at a distance from phase boundary where the effect of boundary 
secondary X-Ray fluorescence is negligible). 
 
Laser Ablation - Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 
 
In present study, Laser Ablation - Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 
has been used to quantitatively determine the concentration of trace/ultra-trace elements in the 
phases presented at equilibrium. 
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The technique begins with a laser beam focused on the sample surface to generate fine particles – 
a process known as Laser Ablation. The ablated particles are then transported to the secondary 
excitation source of the ICP-MS instrument for ionization of the sampled mass. The excited ions 
in the plasma torch are subsequently introduced to a mass spectrometer detector for both elemental 
and isotopic analysis. 

 
Figure 3 Relationship between analysis spatial resolution and limit of detection using LA-ICP-

MS determined in present study 
LA-ICP-MS can generally analyze an area of 20-100μm on the sample and provide an ultra-highly 
sensitive chemical analysis with limits of detection for many elements down to the ppb (parts per 
billion) level without much sample preparation work. The relationship between analysis spot size 
and detection limits for the minor elements of interests have been determined in the present study 
and an example is shown in Figure 3 Uncertainties in the measurement results generally come 
from mass interference (e.g. Cu65 and Zn65) and elemental fractionation occurred during laser-
sample interaction. Figures 4a-b show examples of the crater left in a slag phase(4a) and a matte 
phase(4b) after laser ablation process. More significant melting effect observed in matte phase 
induced by laser generally leads to more elemental fractionation therefore makes accurate 
measurement more difficult. Efforts have been made to evaluate these uncertainties and introduce 
appropriate correction procedures to ensure the accuracy of the measurements. 

 
 
Figure 4a-b SEM micrographs of a crater left in a a) slag sample and in b) a matte phase after laser 
ablation process. 

a b 

20μm 20μm 
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Results 
 
Microstructures of equilibrated sample 
Typical micrographs of samples from slag/matte/metal/tridymite experiments at 1200
C taken 
using scanning electron microscope with backscattered electron detector (SEM-BSE) are shown 
in Figures 5a-c. Three types of microstructures after equilibration have been identified. 
 
TYPE I Metal-matte-slag 3 phases all in contact with each other 
This type of microstructure is typically seen as Figure 5a. The spherical metal phase is seen 
surrounded partially by the matte phase and the rest by the slag phase. A slag/matte/metal 3 phase 
adjacent point can be observed. It is expected best equilibrium state is achieved with this 
microstructure. This microstructure is not commonly observed across the sample. 
 
TYPE II Metal encapsulated by matte phase in contact with slag  
This type of microstructure is typically seen as Figure 5b. The spherical metal phase is seen fully 
surrounded by the matte phase; while the matte phase is in good contact with the slag phase, it 
blocks the direct contact between metal and slag phase. This microstructure is more commonly 
observed across the sample. 
 
TYPE III Individual metal or matte particles suspended in slag phase  
Another type of microstructure which is more commonly observed in the sample consists of 
individual metal or matte particles that are suspended in the slag, which are shown in Figure 5c. 
There is no direct contact between matte and metal phases. Analysis on this type of microstructure 
should be avoided since equilibrium is unlikely to be achieved in this case. 
 
In addition to the three typical microstructures described above, it is commonly observed that the 
matte phase contains some entrapped metal particles, this is probably due to the low interfacial 
tension between matte and metal phase that leads to a poor separation between the two phases. The 
metal phase may also contain some fine pores which might be formed when S is released during 
the quenching process. 

  
Figure 5a-b Typical Microstructures observed in slag/matte/metal/tridymite four phase 
equilibrium samples. 
 

a b 
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Figure 5c Typical Microstructures observed in slag/matte/metal/tridymite four phase equilibrium 
samples. 
 
Slag/matte/metal/tridymite four condensed phase equilibria at 1200oC 
 The experimental results obtained in present study together with available literature data of the 4-
condensed-phase Slag/Matte/Metal/Tridymite equilibria at 1200oC are given plotted against matte 
grade in Figure 6a-c together with FactSage predictions. It can be seen, the relationship between 
Cu concentration in the slag phase and matte grade is in good agreement with results obtained by 
Shimpo et al. [5] as well as the FactSage prediction; the measured S concentrations in the matte 
phase also agree well with the predicted values and reported data; S dissolved in Cu metal phase 
was found to be lower than predictions for about 0.2wt%;  

 
Figure 6a Concentration of Cu in slag wt% vs matte grade Cu/(Cu+Fe+S) wt% [4-6] 

c 
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Figure 6b Concentration of S in matte wt% vs matte grade Cu/(Cu+Fe+S) wt% [7-8] 
 

 
Figure 6c Concentration of S in Cu metal wt% vs matte grade Cu/(Cu+Fe+S) wt% [6] 
 
Distribution of Ag and Au in slag/matte/metal/tridymite four condensed phase equilibria at 1200oC 
The distribution coefficients of Au and Ag between slag and Cu metal at equilibrium have been 
determined for the first time by present study. The results together with FactSage predictions are 
plotted against matte grade in Figures 7a-b. Significant differences were found between predicted 
and experimentally determined values. 
 
It can be seen from the results, the experimentally determined distribution coefficients of Au 
between slag and metal are about half order of magnitude lower than predicted values; in 
contrast,the distribution coefficients of Ag between slag and metal are found to be half order of 
magnitude higher than predicted values. The discrepancies between FactSage predictions and 
experimental results are expected due to the fact that no data on the distribution coefficients for 
both Au and Ag at four-phase equilibrium condition were available and FactSage database has not 
been optimized for this system. 
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Figure 7 a: Distribution coefficients of Au between slag and metal vs matte grade wt 
%Cu/[Cu+Fe+S]; b: Distribution coefficients of Ag between slag and metal vs matte grade wt 
%Cu/[Cu+Fe+S]; 
 

 
Summary 

 
Experimental and analysis techniques have been successfully developed for characterization of 
slag/matte/metal/tridymite four condensed phase equilibria in Cu-Fe-O-S-Si system and for the 
determination of minor elements distribution in the phases at equilibrium.  
 
The phase equilibria results obtained in present study for major elements are found to be in good 
agreement with FactSage predictions for the range of conditions investigated. The distribution 
coefficients of Au and Ag between slag and Cu metal at slag/matte/metal/tridymite four condensed 
phase equilibria at 1200oC were reported for the first time.  
 
The previously available data and the new experimental data for the system will be critically 
evaluated and used to optimize the current FactSage database for copper making applications. 
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Abstract 

Thermodynamic information of the Cu-ZnO-SiO2-O system has significant importance for 
high temperature industries. By employing the equilibration/quenching/EPMA technique, 
phase relation and liquidus surface of the Cu-ZnO-SiO2-O system at 1473 K has been 
systematically studied at various oxygen partial pressures (pure argon and 0.21 atm). No 
ternary compound was found. A pseudo-ternary phase diagram (Cu2O-ZnO-SiO2) was used 
to represent the liquidus of Cu-ZnO-SiO2-O system in equilibrium with air (PO2 = 0.21 atm). 
Two univariant equilibria (SiO2 + Zn2SiO4 + Oxide liquid, and Zn2SiO4 + ZnO + Oxide liquid) 
were found in the experiments. The phase equilibria of the Cu-ZnO-SiO2-O system in 
equilibrium with copper has also been studied at a fixed mole ration between SiO2 and SiO2 +
ZnO. With increasing SiO2 content in initial pellets, the concentration of Cu in liquid oxide 
phase decreases rapidly. Solubility data of Cu in solid phases of Zn2SiO4, ZnO and SiO2 is
also reported.  

Introduction 

    The Cu-ZnO-SiO2-O system is widely used in pyrometallurgical processes [1-3], ceramics 
and advanced materials [4-7]. However, thermodynamic information and direct phase 
diagram measurements about this system are poor in literature. Evident discrepancies in 
extrapolated phase diagrams [8, 9] inspired the present experimental study.  

    In previous studies [8-10], the ZnO-SiO2, Cu-O-ZnO and Cu-O-SiO2 subsystems have 
been systematically studied. Willemite (Zn2SiO4, melting congruently at 1785 ± 2 K) has 
been determined to be the only compound. In binary ZnO-SiO2 system, there were two 
eutectic points, which are occurring at 1715 ± 2 K with 0.52 ± 0.01 mole fraction of ZnO, and 
at 1770 ± 2 K with 0.71 ± 0.01 mole fraction of ZnO, respectively. The liquidus temperatures 
agreed well with the work of Hansson et al. [11]. The Cu-O-ZnO system has one simple 
eutectic point with two primary phase fields of cuprite (Cu2O) and wurtzite (ZnO). The 
eutectic points of the system were determined to be 1371 ± 2 K and 0.10 ± 0.01 mole fraction 
of ZnO in air, and 1481 ± 2 K and 0.03 ± 0.01 mole fraction of ZnO, 0.63 ± 0.01 mole 
fraction of Cu at copper saturation. In Cu-O-SiO2 system, one simple eutectic reaction with 
two primary phases of cuprite (Cu2O) and silica (SiO2) was found. The eutectic point was 
determined to be 1336 ± 2 K and 0.23 ± 0.01 mole fraction of SiO2 in air (PO2=0.21 atm), 
which was consistent with the data reported by Hidayat et al. [12]. The eutectic point was 
found to be 1456 ± 2 K and 0.08 ± 0.01 mole fraction of SiO2, 0.60 ± 0.01 mole fraction of 
Cu, when the system was in equilibrium with metallic copper.  
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In the present study, the phase equilibria of Cu-ZnO-SiO2-O system in various oxygen 
partial pressures (PO2=0.21 atm, and in argon) are investigated using the 
equilibration/quenching/EPMA technique [13] at 1473 K. Both the chemical composition of 
liquidus (i.e. the liquid phase) and the compositions of the solid phases present in equilibrium 
are determined by EPMA, which greatly increases the accuracy and productivity of phase 
equilibrium research. 

Experiments 

Starting materials 

    High-purity Cu cathode (0.99996, Boliden Harjavalta, Finland), Cu powder (0.9996, Alfa 
Aesar, Germany), ZnO powder (0.9999, Alfa Aesar, Germany) and SiO2 powder (0.9999, 
Umicore, Belgium) were employed as starting materials. Cu2O was prepared by oxidizing the 
copper cathode in air at 1298 K for 120 h. The composition of the oxide was determined by 
EPMA. Only Cu (0.8882 mass fraction) and O (0.1118 mass fraction) were detected, and the 
purity of the ‘Cu2O’ was derived to be 0.9999 (mass fraction). Purified argon gas (0.99999, 
volume fraction, AGA, Finland) was used as flushing gases in the experiments with metallic 
copper saturation. Platinum wire and foil (0.9999, Johnson-Matthey Nobel Metals, UK), 
which were inert in experimental conditions of this study, were used as the suspending and 
holding wrap to preserve the purity of the system. In the equilibrium experiments, 0.2 g 
powder in desired proportions was mixed thoroughly in an agate mortar, and pelletized to 5 
MPa in a 5 mm-diameter pressing tool.  
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Fig. 1. Schematics of the specimen, container and suspension techniques. 

    For the experiments in equilibrium with air, the pellet was placed in a suitable container 
(quartz crucible (0.9998, OM Lasilaite Oy, Finland), ZnO substrate, or Zn2SiO4 substrate [8-
10]) and equilibrated in a Pt envelope. Specimen hooked to a platinum wire (Ø 0.5 mm) was 
kept in the hot zone at the target temperature for the required equilibration time (Fig. 1 left). 
Experiments with metallic copper saturation were conducted without any substrates. Pellets 
were placed directly in Pt envelope, and equilibrated at target temperature for certain period 
of time, as shown in Fig. 1 right. 

Experimental apparatus and procedure  

The equilibrium experiments were carried out in a vertical tube furnace (LTF 16/--/450, 
Lenton, UK) with electrical resistance of silicon carbide heating elements, and the schematic 
vertical section of the furnace and auxiliaries have been presented in previous studies [8-10].  
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Experiments equilibrated with air were conducted with the bottom and the top of the 
reaction tube opened to the ambient atmosphere (PO2=0.21 atm). For metallic copper 
saturated experiments, an inert high-purity argon gas was continuously fed through the gas 
tight system. The specimen was introduced into the working tube by a platinum wire, and 
hanged at the bottom. The working tube was sealed with a rubber plug after the specimen was 
inserted. The specimen was pulled up to the hot zone after 30 min’s flushing with argon. 
Once, the equilibration time was reached, the specimen was released rapidly and quenched 
into an ice-cold water bath (273 K). Afterward it was dried and mounted in epoxy resin. A 
polished cross section of the mounted specimen was prepared using the conventional 
metallographic grinding and polishing techniques.  

    Two sets of experiments were conducted to optimize the equilibration time. The equilibria 
was determined by measuring the compositions of the liquid phases at different equilibration 
times. The results indicated that homogenous phase can be achieved within 8 h in air, and 4 h 
in argon. 

Analysis  

    Samples were carbon-coated with a Leica EM SCD050 Coater (supplied by Leica 
Mikrosysteme GmbH, Vienna, Austria). The microstructure was examined by a LEO 1450 
(Carl Zeiss Microscopy GmbH, Jena, Germany) scanning electron microscope. The 
compositions of the equilibrated phases were measured by an Electron-Probe X-ray 
Microanalyser (CAMECA SX100, Cameca SAS, France). An accelerating voltage of 15 kV, 
beam current of 40 nA, and spot size of 1-100 μm (diameter) were utilized in the analysis. 
The standards used in the measurements were natural minerals (quart for Si: Kα; metallic 
copper for Cu: Kα; sphalerite for Zn: Kα; hematite for O: Kα). The raw measurement results 
were corrected using the PAP on-line matrix correction program [14], supplied by the 
equipment manufacturer. The detection limit of the EPMA analyzes is 0.01 wt%. 

Results and discussions 

    According to experimental and thermodynamic studies of the Cu-O system [15, 16], 
cuprite (Cu2O) is the stable phase of copper oxide rather than tenorite (CuO) in air at 
temperatures above 1299 ± 2 K. The melting point of Cu2O in equilibrium with air has been 
determined to be 1396 ± 2 K. However, the melting temperature of cuprite (Cu2O) in 
equilibrium with metallic copper (Cu) has been reported to be 1496 ± 2 K, based on 
thermodynamic evaluations [15, 16].   

    In the present study, Cu, O, ZnO and SiO2 are considered as system components, as shown 
in Fig. 2. According to the Gibbs phase rule in isobaric conditions (F = C – (P+B) + 2, where 
F is the number of degrees of freedom that can be varied independently, P is the number of 
phases, B is the number of global constraints, and C is the number of components.), when the 
system is in equilibrium with air (P = 1 atm, PO2 = 0.21 atm), B equals to 2, O, Cu, ZnO and 
SiO2 are considered as components, the equation can be derived to be F = 4 – P. When 
temperature is fixed, and the liquid oxide equilibrates with two solid phases (SiO2 + Zn2SiO4 

or Zn2SiO4 + ZnO), F equals to 0, and the system is completely defined, and it is called the 
univariant equilibria under the boundary conditions of present study. The light grey section in 
Fig. 2 represents the equilibria in air. However when the system is in equilibrium with 
metallic copper, the oxygen partial pressure is not fixed. The system needs one more global 
constraint to fully define the system. The mole ration between SiO2 and (SiO2 + ZnO) in the 
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initial pellet was fixed as constant values (  = 0, 0.25, 0.5, 0.75 and 1) to maintain 

zero degree of freedom in the system, shown as the dark grey plane in Fig. 2. 

  
Fig. 2. The sections from quaternary Cu–ZnO–SiO2-O system, studied in the present study. 

Cu-ZnO-SiO2-O in equilibrium with air 

    The well equilibrated (equilibrium time, 12h) and quenched samples were analyzed by 
EPMA. At least 10 independent measurement points from each phase were analyzed to 
quantify its accuracy, and those points came from different parts of the sample. The obtained 
EPMA results of the Cu2O-ZnO-SiO2 system in equilibrium with air are listed in Table 1. For 
a better understanding and comparison, the chemical compositions have been recalculated 
based on the measured elements (Cu, Zn and Si), and Cu2O, ZnO, SiO2 are considered as the 
components for presentation purposes only. The overall standard deviation of EPMA has 
been calculated from all the measurement points, and given as footnote below the table.  

Table 1. Phase compositions for the Cu–ZnO–SiO2-O system in equilibrium with air*.  

N
o. 

Phase** 
EPMA (wt %) ** Recalculated (mol %) 

O Si Cu Zn Cu2O ZnO SiO2 
ZnO primary-phase field 
1 L 11.75±0.01 0.00 82.84± 0.04 5.41±0.04 88.74 11.26 0.00 
 ZnO 19.40±0.02 0.00 2.71±0.18 77.89±0.16 1.76 98.24 0.00 

Univariant equilibria: Liquid Oxide + Zn2SiO4 + ZnO 
2 L 16.53±0.13 1.96±0.04 72.07±0.16 9.44±0.16 72.55 18.48 8.96 
 Zn2SiO4 29.38±0.26 13.01±0.08 2.08±0.14 55.53±0.17 1.23 63.91 34.86 
 ZnO 21.15±0.13 0.14±0.04 1.08±0.16 77.63±0.16 0.71 98.89 0.40 

Univariant equilibria: Liquid Oxide + Zn2SiO4 +SiO2  
3 L 29.13±0.13 15.25±0.04 32.99±0.35 22.63±0.04 22.60 30.13 47.27 
 Zn2SiO4 29.82±0.15 12.66±0.03 2.71±0.06 54.81±0.03 1.63 63.97 34.40 
 SiO2 53.37±0.34 45.19±0.15 0.75±0.13 0.69±0.08 0.37 0.66 98.98 

SiO2 primary-phase field 
4 L 24.69±0.11 6.43±0.15 68.88±0.27 0.00 70.32 0.00 29.68 
 SiO2 52.84±0.05 46.15±0.07 1.01±0.13 0.00 0.48 0.00 99.52 

*  Temperature 1473 K, μ(T) = ± 2 K; P=1atm, μ(P) = ± 5 %; PO2=0.21atm, μ(PO2) = ± 3 %; 

** L: Liquid Oxide phase; Standard deviation: σ(EPMA) =  0.10 . 
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    There are two univariant equilibrium (liquid oxide + SiO2 + Zn2SiO4 + gas, and liquid oxide 
+ Zn2SiO4 + ZnO + gas) in the system. Cu2O has small solubility in the terminal solid phase 
of SiO2, less than 0.50 at.%. Zn2SiO4 can dissolve 1.63 at.% Cu2O  at 1473 K, and Cu2O 
shows smaller solubility in ZnO than in Zn2SiO4. The results of the present study have been 
compared with the phase diagram calculated by MTDATA (version 5.10) [17] software with 
Mtox 8.1 database [18]. The comparison is depicted graphically in Fig. 3.    

 
Fig. 3. Cu2O-ZnO-SiO2 isopleth of the quaternary Cu-ZnO-SiO2-O system (PO2=0.21 atm), 
calculated by MTDATA and Mtox database, with the experimental points superimposed.  

    The experimental point (�, #04 in Table 1) agrees well with the calculation, which is 
consistent with the previous study [10]. Once ZnO was introduced into the system, the 
consistence between the calculated diagram and the experimental data becomes poor, because 
of the shortage of experimental data in the previous assessments of the ZnO–SiO2 and Cu-O-
ZnO subsystems [8, 9]. 

  

  
Fig. 4. Backscattered images of samples from Cu–ZnO–SiO2-O system in equilibrium with 
air: (a) #01 in Table 1; (b) #02 in Table 1; (c) #03 in Table 1; (d) #04 in Table 1. 
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    There is one solid phase (ZnO or SiO2) in equilibrium with the molten phase in Fig. 4 (a) 
and (d). The microstructures of samples equilibrated at the univariant equilibria are presented 
in Fig. 4 (b) and (c). Solid Zn2SiO4, ZnO and liquid oxide are in equilibrium with each other 
in Fig. 4 (b). Solid Zn2SiO4, SiO2 and liquid oxide coexist with each other in Fig. 4 (c). 

Cu-ZnO-SiO2-O in equilibrium with metallic copper 

    Chemical compositions of the phases in equilibrium with metallic copper were carefully 
analyzed with EPMA. The obtained results are collected in Table 2. For a better 
understanding and comparison, Cu, O, ZnO, SiO2 are considered as the components in the 
recalculation for presentation purposes. Overall standard deviation of EPMA has been 
calculated from all the measurement points, and given below the table.  

Table 2. Experimentally determined phase compositions for the Cu–ZnO–SiO2–O system 
(metallic copper saturation, in argon)*.  

N
o. 

Phase** 
EPMA (wt %) ** Recalculated (mol %) 

O Si Cu Zn Cu ZnO SiO2 O 

 = 0 

1 Cu2O 12.03±0.19 0.00 87.97±0.20 0.00 64.88 0.00 0.00 35.12 
 ZnO 21.49±0.08 0.00 2.11±0.05 76.40±0.07 2.33 84.59 0.00 13.08 

 = 0.25 

2 L 14.33±0.08 1.29±0.01 76.71±0.01 7.67±0.08 58.69 5.70 2.23 33.38 
 Zn2SiO4 30.18±0.07 13.38±0.07 1.25±0.02 55.19±0.15 1.38 59.04 33.34 6.24 
 ZnO 21.36±0.09 1.62±0.15 1.70±0.21 75.32±0.45 2.05 88.32 4.43 5.20 

 = 0.5 

3 L 28.10±0.20 14.45±0.10 37.10±0.35 20.35±0.08 31.94 17.12 28.04 22.90 
 Zn2SiO4 30.00±0.03 12.72±0.04 1.69±0.03 55.59±0.05 1.81 58.87 31.38 7.94 
 SiO2 52.96±0.12 44.89±0.11 1.07±0.16 1.08±0.07 1.08 1.00 92.42 5.50 

 = 0.75 

4 L 28.08±0.16 16.04±0.13 35.12±0.11 20.76±0.13 31.82 18.28 32.87 17.03 
 Zn2SiO4 29.27±0.07 13.40±0.13 2.27±0.03 55.06±0.21 2.57 60.66 34.39 2.38 
 SiO2 53.03±0.10 45.64±0.05 0.72±0.11 0.61±0.04 0.67 0.55 95.56 3.22 

 = 1 

5 L 16.20±0.11 5.48±0.07 78.32±0.14 0.00 59.86 0.00 9.44 30.70 
 SiO2 52.92±0.01 46.11±0.01 0.97±0.01 0.00 0.89 0.00 97.71 1.40 

*   Temperature 1473 K, μ(T) = ± 2 K; P=1atm, μ(P) = ± 5 %; Equilibration time 8h. 

** L: Liquid Oxide phase; Standard deviation: σ(EPMA) =  0.12 . 

    The lowest temperature for the co-existence of liquid oxide with liquid copper in the Cu-O-
ZnO system has been reported to be 1451 K [9], which agrees well with the results (#01, 
Table 2) in present study. When SiO2 was introduced into the system (#02, #03, #04 in Table 
2), four phases can be detected. Willemite (Zn2SiO4) is the only compound, which exists in 
this system, and it can dissolve up to 2.57 at. % Cu at the experimental conditions of present 
study. Cu shows lower solubility in tridymite (SiO2) than in wurtzite (ZnO). Liquid copper 
(Cu), cuprite (Cu2O) and tridymite (SiO2) were in equilibrium with each other in the wurtzite 
(ZnO) free experiment (#05, in Table 3). 

    The microstructures of the samples in equilibrium with metallic copper are shown in Fig. 
5. The co-existence of metallic copper (Cu), wurtzite (ZnO) and cuprite (Cu2O) in Fig. 5(a) 
(#01 in Table 2) indicates that 1473K was not sufficient for the formation of liquid oxide 
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phase. There are three phases in equilibrium with metallic copper in Fig. 5(b), (c) and (d). 
With increasing of the amount of SiO2 in the initial pellet, the samples varies from wurtzite 
(ZnO) and willemite (Zn2SiO4) saturation to tridymite (SiO2) and willemite (Zn2SiO4) 
saturation. The sample in Fig. 5(f) has one homogenous liquid oxide phase in equilibrium 
with tridymite (SiO2) and metallic copper (Cu). 

   

   
Fig. 5. Backscattered images of the samples in equilibrium with Cu: (a) #01 in Table 2; (b) 
#02 in Table 2; (c) #03 in Table 2; (d) & (e) #04 in Table 2; and (f) #05 in Table 2.   

Conclusion 

    The phase relationships of the Cu-ZnO-SiO2-O system for a range of oxygen partial 
pressures were derived from direct measurements obtained in equilibrium with air (PO2 = 
0.21 atm) and argon (PO2 ≈ 10-5 atm) respectively. Willemite (Zn2SiO4) is the only 
compound, which has been found in the experiments. There are four solid primary phases 
(Cu2O, SiO2, Zn2SiO4, and ZnO) and two univariant equilibria (liquid oxide + SiO2 + Zn2SiO4 + 
gas, and liquid oxide + Zn2SiO4 + ZnO+ gas) at 1473K, when the system was in equilibrium 
with air (PO2 = 0.21 atm). The locations of the univariant equilibria and the liquidus of the 
system have been quantified, as well as the solubility of Cu2O in the solid phases. The 
experimental results have been compared with the phase diagram calculated by MTDATA 
software and Mtox database, the difference is significant. The system needs a re-assessment.  

    The phase equilibria of the Cu-ZnO-SiO2-O system in equilibrium with metallic copper has 

also been studied at fixed rations of . The liquid oxide phase in equilibrium with 

wurtzite (ZnO) and willemite (Zn2SiO4) can take much more Cu than the one in equilibrium 
with tridymite (SiO2) and willemite (Zn2SiO4). For tridymite (SiO2) and willemite (Zn2SiO4) 
saturated experiments, the concentration of Cu is very stable. Willemite (Zn2SiO4) can take 
up to 2.57 at. % Cu at the experimental conditions in present study. Cu shows lower 
solubility in tridymite (SiO2) than in wurtzite (ZnO). The new experimental data will be used 
for improving the thermodynamic description of the system. 
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Abstract

Thermodynamic properties of Te-O-Na2O-SiO2 system at high temperatures are essential for 
improving the metallurgical processes especially for smelting the anode slime which contains 
tellurium compounds. However, the literatures review of previous investigation, showed that there 
are no liquidus data reported for this system. In the present study the experimental data were 
obtained by equilibrating the high purity of oxide mixtures at selected temperature, followed by 
rapid quenching of the equilibrated samples in cold water and compositional analysis using 
electron probe X-ray microanalyzer. Phase characteristic and the liquidus in the Te-O-Na2O-SiO2

system have been investigated at silica saturation between 1000 and 1200 oC in equilibrium with 
air. New data sets of the liquidus in the Te-O-Na2O-SiO2 system have been generated and 
evaluated.

1. Introduction

Although the Te-O-Na2O-SiO2 system is important for metallurgical industries, the experimental 
phase equilibria study of this system is very limited. Tellurium is mostly produced as a byproduct 
of copper industries. During electrorefining of copper, the tellurium is separated from copper
cathode forming anode slime with other valuable element such as Ag, Au, Se and Pt. The anode 
slime is then processed by pyrometallurgical route in reverberatory or top-blowing rotary furnace 
using Dore Smelting process in which oxygen is injected1.  Sodium carbonate and silica are added 
as flux forming with sodium borate a slag to which the most of the tellurium will distribute. The 
soda will increase the fluidity of the slag so that the loss of precious metal due to slag entrainment 
can be minimized. When the targeted purity of metal is achieved, the slag is skimmed off. The slag 
is then treated to recover tellurium2.

Studies of thermodynamic property of tellurium have been done by some authors3,4,5 dealing with 
removal of tellurium as minor element from the metal to slag.  Kojo et al.3 and Alvear et al.5

showed that the distribution of tellurium between slag and molten copper was affected by the 
partial pressure of oxygen in the system. The distribution ratio was reported to decrease to a 
minimum value and then increase when the oxygen partial pressure increases. The majority of 
tellurium distribute to the slag during the anode slime smelting at the final oxidation stage5. 

The binary liquidus in the TeO2-Na2O system was investigated by Troitskii et al.6 at TeO2 using a
heating curve technique. The reported liquidus temperature is between 732 and 458 oC ranging 
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from pure TeO2 to 83.3 mol% of TeO2 in the liquid phase. The minimum liquidus temperatures at 
Na2Te4O9 and Na2TeO3 saturation were reported at 413 oC at 28 mol% Na2O and at 420 oC at 38 
mol% Na2O, respectively. et al.7 also determined liquidus of the TeO2-Na2O system 
at TeO2 saturation using a DTA technique. The reported liquidus result was in a close agreement 
with that reported by Troitskii et al6.

In the binary SiO2-Na2O system, the liquidus line was determined using melting and quenching 
technique by Morey and Bowen8. The samples prepared from SiO2 and Na2CO3 mixtures were 
melted to form a glass. The chemical composition of the quenched glass was analyzed by 
dissolving to HF and measured as Na2SiF6. The liquid and solid phases in the quenched sample 
were examined using optical microscope. At silica saturation, the liquidus temperatures were 
reported to decrease from melting temperature of pure silica to793 oC at the eutectic point between 
silica and Na2Si2O5 at 35 mol% Na2SiO3. The lowest liquidus temperature at Na2SiO3 saturation 
was reported at 840oC at the eutectic point between Na2SiO3 and Na2Si2O5 at 62.5 mol% Na2SiO3.
The liquidus line in the SiO2-Na2O system was also investigate by Kracek9 employing the same 
methodology as Morey and Bowen8 used. The reported liquidus at SiO2, Na2SiO3 and Na2Si2O5

saturations was at a good agreement with the data reported by Morey and Bowen8. Another 
liquidus line was reported at Na4SiO4 saturation and in eutectic at 1022 oC with Na4SiO4 and 
Na2SiO3 at 43.1 wt% SiO2. Study by Mochida et al.10 indicated that the solubility of tellurium 
oxide in the ternary TeO2-Na2O-SiO2 glasses could reach up to 24.9 mol%.

However, our literature research showed that the ternary liquidus data of the slags containing 
tellurium and sodium oxides at or close to silica saturation were not available. This data is vital for 
the process optimization. The key metallurgical properties of a slag, e.g. fluidity, separation from
metal and capacity to remove impurities from the metal, are related to its phase relations. In present 
the study new experimental data of the liquidus in the TeO2-Na2O-SiO2 system were determined 
at silica saturation between 1000 and 1200 oC at oxygen partial pressure, PO2, 0.21 atm and over a
wide range TeO2 concentrations relevant to the industrial operations of the Dore smelting process.

2. Experimental Technique

The methodology employed included equilibrating the samples at selected temperatures,
quenching the samples in iced cold water and analyzing them using electron probe micro analyzer 
(EPMA)11. By using this technique equilibrium properties of liquid and solid phases stable at high 
temperature can be retained to room temperature, by dropping to a cold quenching medium. At 
high temperature, sodium evaporates easily12. This means that the initial bulk compositions can
change when the samples were heated to high temperature. The volatilization of sodium in the 
samples during equilibration does affect the proportions of the liquid and solid phases, however, 
by employing this methodology, it will not affect the final equilibrium compositions of the phases.

2.1 Sample Preparation

The samples were prepared by mixing high purity SiO2, Na2CO3 and TeO2 as presented in Table 
1. The chemicals were mixed in an agate mortar using pestle. The initial compositions were 
selected so that at equilibrium, ternary liquid and solid SiO2 phases would exist. The 0.25 g
mixtures were pressed under 5 MPa pressure to form a pellet with diameter 9 mm. The pellets 
were placed in a container. To avoid contamination from supporting materials, SiO2 glass was 
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selected as the container to ensure silica saturation in the sample. The design of the container is 
presented in Figure 1.

Table 1. Purity of starting materials.

Chemical Supplier Purity (wt%)
Na2CO3 Alfa Aesar 99.5
SiO2 Umicore 99.9
TeO2 Sigma Aldrich 99.995
Na2O·SiO2 Alfa Aesar 96.04 %, bal CO2

Figure 1. Sample holder arrangement. Figure 2. Schematic arrangement of the 
furnace.

2.3 Furnace Specification and Control

A vertical reaction tube was employed to equilibrate the samples.  The samples were raised using 
platinum wire to hot zone inside the vertical tube made of impervious recrystallized alumina with 
30 mm inner diameter. The furnace was heated using silicon carbide (SiC) heating elements. The 
top of the furnace contained two holes for thermocouple and holder wire insertions. The top and 
the bottom of the furnace were open to the atmosphere. The schematic arrangement of the furnace 
is presented in Figure 2. The hot zone temperature inside the furnace was measured using S type 
thermocouple made from calibrated platinum-10 wt% rhodium and the platinum wires. These 
thermo-elements were supplied and certified by Johnson-Matthey, UK. and calibrated against 
melting point of palladium and copper in air. The thermocouple was placed next to the sample.
The temperatures were record continuously by connecting the thermocouple to the monitoring 
system which is NI LabVIEW and Keithley 2010 (OH, USA) data logging programs. The accuracy 
of the temperature measurement is ±2 K.
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2.4 Equilibration Attainment

To ensure that equilibrium was achieved, the examinations were undertaken (1) by equilibrating 
the sample at deferent holding time. Preliminary experiments were conducted to determine 
equilibration time. The samples were equilibrated at 3, 5 and 12 hours at 1000oC. The result 
indicated that the time needed to reach equilibrium is 5 hours. (2) by approaching the equilibrium 
point from different directions by using different starting chemicals. Besides SiO2, TeO2 and 
Na2CO3 mixtures, the equilibration of the sample was also tested using SiO2, TeO2 and Na2O.SiO2 

mixtures. The final equilibrium composition remained the same when different starting materials 
were used. (3) by examining chemical homogeneity of the sample using EPMA at different 
location of the samples. The chemical composition assessment indicated that the compositional 
homogeneity was observed in all liquid phases of the well quenched samples.

2.5 Sample Quenching

To preserve the high temperatures properties to room temperatures, after equilibrium time was
reached, the sample was dropped to quenching medium by pulling upward the platinum wire that 
hold the sample. Ice cooled water was selected as the quenching medium. When dropping the 
sample to iced cooled water, the solid phase was unchanged whereas the liquid phases was 
transformed to a glassy or microcrystalline phases.  There was no difficulty to obtain a glassy 
phase from the sample. The quenched sample was dried by flushing with hot air and mounted in 
an epoxy resin. The samples were then polished using a dry polishing method. The samples were 
kept in a desiccator with silica gel to protect soda from absorbing CO2 and H2O from the air and 
sent for EPMA analysis immediately after polishing. A typical microstructure of the quenched 
phase assembly was presented in Figure 3.

Figure 3. A backscattered electron image of the Te-O-Na2O-SiO2 system at silica saturation
quenched from 1200oC in air.
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2.6 Chemical Analysis

The chemical compositions of the phases were examined by using EPMA, CAMECA SX100 
(Cameca SAS, France) at the Geological Survey of Finland (GTK). The appropriate beam intensity 
of EPMA must be determined to avoid the depletion of sodium in the sample. The optimum
condition for beam current and diameter during analysis were 6 nA and 50 μm, respectively.
Selected standards for silica, sodium and tellurium were Si Ka (quartz), Na Ka (tugtupite) and Te
La (Sb-telluride), respectively, supplied by Astimex Standards Ltd., Toronto, Canada. Atomic 
number, absorption, and fluorescence (ZAF) corrections were employed. The total accuracy of the 
EPMA analysis was within 1 wt%. The uncertainty of EPMA analysis is reported as standard 
deviation taken from the analyzed 10 points in each sample.

Table 2. The chemical analysis of the liquid phases obtained in this study.

Temperarture
oC

Liquidus composition (wt%)

SiO2 TeO2 Na2O

1000 75.13 ±  1 11.5 ± 0.45 13.37  ±  0.95
1000 77.75  ±  0.47 7.13  ±  0.11 15.11 ±  0.52
1000 70.89  ±  0.53 14.1  ±  0.29 15.1  ±  0.5
1000 75.17  ±   0.4 9.35 ±  0.32 15.49  ±  0.4
1000 65.54 ±  0.29 22.44  ±  0.26 12.02  ±  0.26
1000 80.82 ± 0.46 0 19.18 ± 0.46
1100 78.56 ± 0.3 6.62 ± 0.22 14.82 ± 0.38
1100 77.13 ± 0.4 8.861 ± 0.37 14.27 ± 0.42
1100 73.31 ± 0.28 7.6 ± 0.24 15.09 ± 0.33
1100 80.80 ± 0.32 0.72 ± 0.14 18.47 ± 0.29
1100 74.57 ± 0.6 11.84 ± 0.6 13.59 ± 0.39
1200 82.45 ± 0.38 0.23 ± 0.05 17.06 ± 0.4
1200 74.34 ± 0.49 14.3 ± 0.26 11.37 ± 0.45
1200 76.73 ± 0.46 10.13 ± 0.28 13.34 ± 0.43
1200 80.61 ± 0.19 4.68 ± 0.28 14.71 ± 0.3
1200 82.49 ± 0.24 0.02 17.49 ± 0.23
1200 83.61 ± 0.69 0 16.39 ± 0.69

3 Result and Discussion

The chemical compositions of the quenched liquid phases at silica saturation between 1000 and 
1200 oC measured by EPMA are provided in Table 2 along with the estimated standard deviation.
The projection of the isothermal sections of the system between 1000 and 1200 oC at silica 
saturation in equilibrium with air can be seen in Figure 4. The liquidus temperatures at selected 
SiO2/Na2O or SiO2/TeO2 ratios (w/w) in the liquid phase are presented in Figure 5, to describe the 
influence of TeO2 or Na2O to SiO2 saturation the temperatures of the liquid oxide phase. 
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Figure 4 A projection of isothermal sections of Te-O-Na2O-SiO2 system at silica saturation from
1000 to 1200 oC.

Figure 5 The experimental liquidus temperatures at different concentration of TeO2 or Na2O at 
given SiO2/Na2O or SiO2/TeO2 ratios (w/w) in the liquid slag.
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Figure 4 shows that between 1000 and 1200 oC at silica saturation and at silica rich side, the 
liquidus temperatures are sensitive to the Na2O concentration in the slag. It also shows that the 
effect of Na2O on the liquidus temperature is greater than that of TeO2, since the slope of the line
at given SiO2/TeO2 ratio is much bigger than that at given SiO2/Na2O ratio, as indicated in Figure 
5. It shows that at silica saturation and at fixed SiO2/TeO2 ratio in liquid phase around 5, liquidus 
temperature drops from 1200 to 1000 oC when Na2O concentration in the melt increases only from 
11.37 to 15.11 wt %. On the other hand, at SiO2/Na2O ratio in liquid phase around 5.5, the decrease 
in the liquidus temperature from 1200 to 1000 oC is resulted from the increase in the TeO2

concentration in the liquid phase from 4.68 to 22.24 wt %. This value of temperature difference
also remains unchanged when TeO2 concentration in the melt increases from 0.23 to 14.1 wt % at
the SiO2/Na2O ratio in liquid phase of around 8. It indicates that ternary liquidus surface at silica 
saturation at silica rich side only gradually decrease towards the TeO2 corner. 

This ternary liquidus data also suggests that in the pseudobinary binary SiO2-TeO2 system, eutectic 
should exist in the tellurium rich side. At silica saturation below 1000oC, the SiO2-Na2O melts 
would thus dissolve large amounts of TeO2.

In industrial practice, the data obtained from present study can indicate the effect of the changing 
variations of slag composition on the key operating parameter i.e. temperature during the smelting 
process. The result shows that at silica saturations, the tellurium oxide concentration in the silica 
rich slag will not significantly affect the melting point of the slag. However, adding of the sodium 
oxide can reduce greatly the temperature liquidus of the slag.

4 Conclusion

The liquidus temperatures and compositions of Te-O-Na2O-SiO2 system between 1000 and 1200 
oC in equilibrium with air have been investigated experimentally. The samples could be quenched 
to the homogeneous glassy phases. The results indicate that at silica saturation within this 
temperature range, the liquidus temperature is affected greatly by sodium oxide. At silica 
saturation and on this silica rich side, on the other hand, tellurium oxide will not significantly affect 
the liquidus temperatures. At fixed SiO2/TeO2 or SiO2/TeO2 ratios in the liquid phase, the liquidus 
temperature decreases from 1200 to 1000 oC when TeO2 or SiO2 concentrations increase from 
11.37 to 15.11 wt % or from 0.23 to 14.1 wt%. The information can be used to assess the phase 
diagram of the TeO2-Na2O-SiO2 system useful for industrial applications and to improve the 
expressions for thermodynamic database containing tellurium oxide.
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Abstract 

Knowledge of oxygen potential is crucial for better understanding of fundamentals of refining 
reactions kinetics within droplets during oxygen steelmaking. In this study, the changes in the 
phosphorus content of droplets were measured with time using X-ray fluoroscopy technique at 
1853K. Specifically, the effects of sulfur content on dephosphorization kinetics of droplets were 
investigated during periods of intense decarburization. The experimental results showed that the 
droplets with low sulfur contents (0.007wt%, 0.011wt%) exhibit a lower minimum phosphorous 
level and an earlier and more significant reversion compared to those with high sulfur contents. 
The authors suggest that dephosphorisation rate and maximum partition are favored at lower CO 
evolution rates as well as lower amount of CO gas generation which result in a higher interfacial 
oxygen potential between slag and bloated droplets. Equating the rate of CO evolution with that 
of FeO mass transport allowed mass transfer coefficient of FeO to be calculated, which show that 
FeO mass transport in dense slag is faster than it is in foaming slag.  

Introduction 

Several researchers have studied aspects of droplet behavior relevant to steelmaking including, 
decarburization [1-6], droplet generation [7-16], size distribution [17-18] and residence time 
[19]. Other workers have developed models [20-23] and conducted plant trials [24-28], which 
consider the role of droplets in the overall steelmaking process. Previous work in the authors’ 
laboratory [19] introduced the Bloated Droplet model, which has since been employed in an 
overall BOF model [20-21]. Convincing experimental evidence for bloated droplets has been 
reported by several researchers [5,6,29]. The current paper presents research on the interplay 
between dephosphorization and decarburization in bloated droplets.  Dephosphorization of steel 
and hot metal has been studied extensively, important details relevant to the current work can be 
found in the following publications [30-33]. The importance of the interfacial oxygen potential is 
demonstrated by considering Equations 1, and 2. Equation 1 is written for rate is control by mass 
transport in the metal; subscripts b and i represent the bulk metal and the interface respectively, 

989

Advances in Molten Slags, Fluxes, and Salts: Proceedings of The 10th International 
Conference on Molten Slags, Fluxes and Salts (MOLTEN16)

Edited by: Ramana G. Reddy, Pinakin Chaubal, P. Chris Pistorius, and Uday Pal
TMS (The Minerals, Metals & Materials Society), 2016



 is the mass transfer coefficient for phosphorus,  is the mass of  metal, A is the area of the 
slag-metal interface and  is the density of the metal. It is clear that  has a strong 
influence on the driving force for dephosphorization. Similar equations may be written for mass 
transport in the slag and for mixed control. 

              (1) 

LP, the partition coefficient for phosphorus is given by Equation 2, where (%P) represents 
phosphorus in the slag and [%P] represents phosphorus in the metal. The subscripts e and i 
indicate equilibrium and interface respectively,  is the phosphate capacity of the slag, 

(2) 

is the activity coefficient for phosphorus in the metal  and  are the molar mass of 
phosphorus and phosphate respectively,  is the equilibrium constant for the dissolution of 
phosphorus gas in steel and  is the partial pressure of oxygen, in this case at the slag metal 
interface. This last term is critical in determining the phosphorus partition at the interface. 
Researchers are divided on the reaction which controls the oxygen partial pressure. Wei et al [34] 
showed that the interfacial oxygen partial pressure varied between that in equilibrium with 
carbon in the metal and that in equilibrium with FeO in the slag. Monaghan et al [31] found that, 
the oxygen potential was controlled by iron oxide in the slag at low stirring whereas Wei et al  
found that high stirring rates favoured control by carbon in the metal. Wei proposed that the 
interfacial oxygen potential was set by the balance of supply by FeO in the slag and consumption 
by carbon in the metal. By encouraging CO nucleation, high stirring rates favour lower 
interfacial oxygen potentials. Gu et al [35] demonstrated that the foregoing analysis could be 
applied to dephosphorisation of bloated droplets. Previous work in the authors’ laboratory [6] 
showed that CO nucleation is strongly affected by sulphur. Gu et al [35] used this observation, to 
determine the dephosphorization rate as a function of CO evolution rate. The current work is 
aimed at quantifying the relationship between CO evolution during droplet swelling and the 
interfacial oxygen potential which drives dephosphorization. 

Experimental Procedure 

The experimental setup and procedure have been described elsewhere [35]. All experiments 
employed a vertical tube furnace equipped with, X-ray imaging to observe swelling of droplets, 
and a pressure transducer to measure gas evolution.  25g of slag prepared by mixing of reagent 
grade Al2O3, CaO, SiO2 and FeO was placed in a 45 mm diameter alumina crucible and held at 
temperature for one hour. An iron droplet containing 2.62%C, 0.088% P,  ~ 50ppm oxygen and 
sulphur between 0.007% and 0.021% [36] was then added to the slag. Samples were quenched at 
different reaction times and taken for chemical analysis using Inductively Coupled Plasma. The 
slag composition for all experiments was 35wt%SiO2, 32wt%CaO, 17wt%Al2O3 and 16wt%FeO.  

Results  

The change of phosphorous and droplet size as a function of time and droplet sulfur content is 
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shown in Figure 1.  Figure 2(a) shows that CO generation rate goes through a maximum at about 
0.017wt%S which is higher than the 0.011 wt%S previously reported by the authors [37]. This 
discrepancy is believed to be related to a change in the technique for making the droplets and a 
more detailed explanation is currently under investigation by the authors. Inspection of Figure 
2(b) shows the total amount of CO generated increases with increasing droplet sulfur content 
although the amount of gas produced by 0.021wt%S droplets is only slightly higher than for 
0.017wt%S. It is also noteworthy that in Figure 2(b) the duration of peak gas generation is 12s, 
13s, 12s and 23s corresponding to droplets with 0.007wt%S, 0.011wt%S, 0.017wt%S and 0.021 
wt%S. respectively. An elongated period of peak gas generation lowers the interfacial oxygen 
potential but increases the residence time. Comparing gas generation during the incubation 
period for all conditions reveals similar initial decarburization rates, around 8.0E-6 mole/s.  

 

 

Figure 1: Plot of dephosphorization as a function of time and droplet sulfur content at 1853K: (a) 
0.007wt%S; (b) 0.021wt%S and (C) all conditions. 

(b) (a) 

(C) 
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Figure 2: (a) CO evolution rate as a function of metal sulfur content at 1853K and (b) CO gas 
generation with time. 

Comparing the data in Figure 1 with that in Figure 2 for droplets with sulfur less than 0.021, the 
phosphorus content at the reversion point is seen to increase with increasing CO evolution rate 
which is consistent with the authors’ previous work [35]. However, the phosphorus concentration 
at the reversion point for 0.021wt%S droplets is much higher than 0.007wt%S droplets although 
they have a similar peak CO generation rate, and is higher compared to 0.017wt%S droplet 
which has the highest CO generation rate.  

Inspection of the recorded X-ray videos reveals the time at which droplets float out of the dense 
slag as summarized in Figure 3(a). As the metal sulfur content increases, the time for droplets to 
float out of the dense slag increases to approximately 32 seconds for the 0.021 wt%S case. 
Figure 3(b) presents behaviors of droplets with different sulfur contents where droplets can be 
grouped according to behavior; those with lower sulfur contents (0.007wt%S and 0.011wt%S) 
have shorter incubation times and show similar behavior with regard to surface area change and 
dephosphorisation. For droplets with 0.017wt%S, they have the largest maximum surface area 
due to its’ highest CO generation rate. Droplets with 0.021 wt%S have longest incubation time 
and despite the fact that they show similar decarburization rates to the droplets with 0.07wt%S 
the peak surface area is considerably lower.  Defining the residence time as the time where  
droplet surface area is more than twice its original area, the peak width of each curve in Figure 
3(b) is equivalent to residence time in the foam. Therefore, the residence times are approximately 
11s, 14s, 16s and 22s for droplets with 0.007wt%S, 0.011wt%S, 0.017wt%S and 0.021 wt%S, 
respectively. Comparing results in Figure 1 with those in Figures 2 and 3, it is seen that the 
phosphorus content at the reversion point increases with increasing total amount of gas 
generation. The peak CO generation rate goes through a maximum with respect to sulfur which 
was suggested in previous work to be caused by the interplay between increasing rates of bubble 
nucleation and decreasing rates of growth with increasing sulfur [35]. Each of the two groups of 
droplets exhibit two distinct behaviors with respect to dephosphorization. The lower sulfur 
droplets exhibit a lower minimum phosphorous level and an earlier and more significant 
reversion. This behavior can be understood by considering the incubation time and the residence 
time in the foamy slag relative to the time for dephosphorisation. The low sulfur droplets 

(a) (b) 
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Figure 3: (a) Time needed for different droplets rise out of the dense slag and (b) Typical 
behavior of droplets with different metal sulfur content. 

dephosphorized primarily in the dense slag and entered the foam shortly before reversion took 
place. The high sulfur droplets went through reversion before the droplet entered the foam.  In 
the case of the low sulfur droplets approximately one third of the dephosphorisation occurred 
after the droplet entered the foam. The foam which is a much lower liquid slag volume than the 
dense slag will be quickly reduced driving phosphorous back into the metal. The high sulfur 
droplets do not swell and enter the foam until after reversion occurs. In this case the 
dephosphorization is slower probably because of a combination of a lower level of stirring in the 
metal and surface poisoning due to sulfur, the phosphorous that has been removed from the metal 
reverts to the slag when the carbon reaction accelerates leading to a lower oxygen potential at the 
slag-metal interface.  

Figure 4(a) shows the volume of foaming slag as a function of time; the maximum volume is 
similar for all experiments at around 50 cm3, five times higher than original dense slag (10cm3). 
The rate of volume increase is tied to decarburization rate. The void fractions for different 
foaming slags are calculated and summarized in Figure 4(b). Here, void fraction for the whole 
residence time where droplets rest in foaming slag is calculated. As you can see, the average void 
fractions of 0.007%wtS and 0.011%wtS are 0.921 and 0.916 which is higher compared with 
0.809 and 0.821 for 0.017wt%S and 0.021wt%S, respectively. The authors cannot offer an 
explanation for this observation but are investigating this phenomenon as part of ongoing 
research.  

Discussion  

The results presented above, show that dephosphorisation rate and maximum partition are 
favored at lower CO evolution rates as well as lower amount of CO gas generation which result 
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Figure 4: (a) The volume of foaming slag as a function of time and (b) Void fractions of foaming 
slag during droplet residence time in the foam 

in a higher interfacial oxygen potential. These observations are consistent with the mechanism 
proposed by Wei et al [34] that the oxygen potential at the slag-metal interface is controlled by 
competition between oxygen supply from the slag and oxygen consumption by reaction with 
carbon in the metal, represented in this case by CO evolution rate. Based on this concept one can 
determine a dynamic interfacial oxygen potential by equating the rates of supply and 
consumption as shown in Equation 3. 

                        (3) 

 

Here,  is the CO generation rate (mol/s),   is the concentration of FeO, A is the surface 

area of the droplet,  is the mass transfer coefficient for FeO in the slag and superscripts b 
and i indicate bulk and interfacial values respectively. If   is expressed as activity of oxygen 
and the equation rearranged and  expressed as a function of the initial value  and the 
amount reduced, one obtains: 

               (4) 

Where  and are the equilibrium constants for FeO dissociation and oxygen dissolution in 
iron  is the activity coefficient for FeO in the slag,   is the overall molar density of the 
slag,  is molar concentration of FeO in the slag and  is the volume of dense slag. 
Although the CO evolution rate has been shown the dependence on CO nucleation, the authors 
are yet to develop a model which includes the bubble growth effect, therefore in the current work  

 has been determined empirically using pressure transducer data. From Figure 1 it is known 

that droplets experience phosphorus reversion in the foaming slag but obtain driving force to 
dephosphorize again when sinking back into the dense slag. This manifests that foam slag and 
dense slag have different mass transfer coefficient of FeO due to the difference of density. 
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Therefore, Equation 4 was modified to calculate the interfacial oxygen potential between 
foaming slag and bloating metal droplets when take the foaming slag into consideration: 

                              (5) 

 
Where  is the volume of foaming slag and  represents the time when droplets enter the 
foaming slag. 

If one assumes dense slag and foaming slag have different mass transfer coefficient of FeO and 
which do not change with time; it is possible to determine the mass transfer coefficient of FeO 
for different slag based on a technique presented in a recent publication by the authors [35]. The 
minimum points in Figure 1 are of particular interest because the forward and backward reaction 
rates for dephosphorisation are equal but decarburization and FeO reduction continue. Therefore, 
one can assume the system is in equilibrium with regard to phosphorus and that bulk 
concentrations may be used to calculate LP for the interface. If the phosphate capacity of the slag 
is known, it is then possible to calculate the interfacial oxygen potential from Equation 2. 
Substituting into Equation 4 and 5 allows  to be calculated. From Table I, we can see that  

Table I – Calculated Interfacial Oxygen Potential and Mass Transfer Coefficient of FeO 

Droplets S 
Pi

O2 based on 
minimum [P]e 

(cm/s) of 
dense slag 

(cm/s) of 
foam slag 

1 0.007 2.51E-12  0.0013 
2 0.011 2.34E-12  0.0018 
3 0.017 1.56E-12 0.0055  
4 0.021 9.65E-13 0.0044  

the calculated mass transfer coefficient of FeO in the dense slag is higher than that in the 
foaming slag. This result is to be expected if one considers the pathway for mass transfer to be 
through the liquid the cross sectional area of the path is dramatically reduced by the presence of 
bubbles. In the case of 0.017wt%S and 0.021wt%S, droplets sit between dense slag and foaming 
slag at the early step of phosphorus reversion. But for the simplicity of calculation, we assume 
that they sit inside dense slag at the period of phosphorus reversion.  

Comparing  in foaming slag with  in dense slag, the magnitude of difference between 
the two is only moderate rather than vast as expected. The reason is that in foaming slag with 
intensive voids, the mass transfer will be hindered due to the limits of the transport pathway. 
However for droplets in dense slag without too much voids, we still will not expect a high mass 
transfer coefficient of FeO due to the formation of gas halo around droplets.  The gas halo 
formed at the outside layer will block the mass transfer inside dense slag by acting as a barrier 
layer. In order to study the kinetics of dephosphorization, Equation 1 for mass transport control 
in the metal phase is integrated and expressed in Equation 6. In this case, the surface area A in  
 

                   (6) 
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Setting C =   and B=   Equation 6 becomes                     

As A in Equation 6 changes with time, a time averaged area must be used [36]. The data 
presented in Figure 1 are re-plotted in Figure 5 according to Equation 6. Differences in droplet 
chemistry do not allow a definitive conclusion that the mass transfer in metal phase is the rate-
determining step. However, when the data are normalized for driving force, the mass transfer 
coefficient is very similar at the initial dephosphorization period for droplets with sulfur less than 
0.021. But for droplets with 0.017wt%S, Figure 5 shows a lower mass transfer coefficient after 
about 4 seconds, probably due to a gas halo formed around droplets as shown in X-ray photos. 
The authors believe that at higher sulfur levels bubbles mainly form at the outer layer of droplets 
(external decarburization) at the beginning, leading to a lower rate of surface renewal and lower 
mass transfer coefficients. For this to be the case, the rate must be controlled by mass transport in 
the metal. Work is ongoing in the authors’ laboratory to elucidate the true rate determining step. 

Figure 5: First order rate plot for dephosphorization as a function of metal sulfur content at 
1853K 

Conclusions 

1. During dephosphorization of bloated liquid iron-carbon droplets the interfacial oxygen 
potential is controlled by the competition between supply of oxygen by iron oxide in the slag and 
consumption by formation of CO in the metal. 

2. The phosphorus partition decreases with the increasing of metal sulfur content due to the 
increasing of total amount of CO gas, which lowers the interfacial oxygen potential. 

3. Equating the rate of CO evolution with that of FeO mass transport allowed mass transfer 
coefficient of FeO to be calculated, which show that FeO mass transport in dense slag is faster 
than it is in foaming slag.  
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4. Internal decarburization offers a higher mass transfer coefficient due to the faster surface 
renewal rate, leading to a higher dephosphorization rate. 
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Abstract

The argon-oxygen decarburization (AOD) process is the most common process for refining
stainless steel. High blowing rates and the resulting efficient mixing of the steel bath are
characteristic of the AOD process. In this work, a 1:9-scale physical model was used to study
mixing in a 150 t AOD vessel. Water, air and rapeseed oil were used to represent steel, argon and
slag, respectively, while the dynamic similarity with the actual converter was maintained using
the modified Froude number and the momentum number. Employing sulfuric acid as a tracer, the
mixing times were determined on the basis of pH measurements according to the 97.5%
criterion. The gas blowing rate and slag-steel volume ratio were varied in order to study their
effect on the mixing time. The effect of top-blowing was also investigated. The results suggest
that mixing time decreases as the modified Froude number of the tuyères increases and that the
presence of a slag layer increases the mixing time. Furthermore, top-blowing was found to
increase the mixing time both with and without the slag layer.

Introduction

The argon-oxygen decarburization (AOD) process is nowadays the most common process for
refining stainless steel. Tuyères, which are mounted along the sidewall of the vessel, are used to
inject O2-N2 and O2-Ar gas mixtures. Modern vessels are often equipped with a top lance in
order to expedite decarburization in the high-carbon region. The advantage of the process is that
the high gas injection rates provide violent stirring and thus good preconditions for a high
decarburization rate, while the gradual dilution of the gas mixture prevents the excessive
oxidation of valuable alloying elements.

Mixing in the AOD process has been the subject of numerous physical modelling studies, which
have focused mostly on the effect of tuyères and their arrangement on the mixing time [1, 2, 3].
During the process, the viscosity of the slag varies as its composition changes due to chemical
reactions. However, the effect of slag on the mixing has received relatively little attention,
especially in connection with combined top- and side-blowing. Therefore, the aim of this work
was to study the effect of a slag layer, top-blowing and the modified Froude number on the
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mixing time for both the reduction stage and the combined top- and side-blowing decarburization
stage.

Materials and Methods

Experimental Setup

The experiments were performed in an acrylic glass model of a 150 t AOD converter. The
employed physical model was built to geometric similarity with the actual converter in a 1:9
ratio and features seven tuyères along the sidewall of the vessel. Owing to its similar kinematic
viscosity, water was used to represent the liquid steel bath, while rapeseed oil was used to
simulate the slag phase. The water was deionized to avoid reactions between impurities and
added acid. Pressurized air was used to represent the argon-oxygen mixtures used in the AOD
process. Table I shows the employed physical properties and parameters.

Table I. Employed properties and parameters.
Parameter Unit Converter Model 1:9
Vessel properties
    Vessel diameter mm 4,122 473
    Bath height mm 2,400 295
Tuyère properties
     Number of tuyères – 7 7
     Exit diameter mm 10–14 2
     Gas flow rate Nm3/min 60–140 0.14–0.56
     Modified Froude number – 750–11,750 750–11,750
Top lance properties
    Number of nozzles – 3 3
    Exit diameter mm 33.9 3
    Nozzle inclination angle ° 11 11
    Lance height m 1.8 0.28
    Gas flow rate Nm3/min 110 0.25
    Modified Froude number – 4.26 4.20
    Momentum number – 0.153 0.157
    Blowing number – – 0.059
Steel/water phase properties
    Density kg/m3 7,000 988
    Kinematic viscosity m2/s 6.8×10-7 (1700 °C) 10.4×10-7 (20 °C)
Slag/oil phase properties
    Density kg/m3 2,990 899
    Kinematic viscosity (reduction) m2/s 3.3×10-5 5.67×10-5

    Kinematic viscosity (decarburization) m2/s 3.3×10-4 5.67×10-5

Dynamic Similarity Criteria

The gas flow rate through the tuyères was calculated by using the modified Froude number NFr,t,
which represents the ratio of the aerodynamic force to the gravitational force [1, 2, 3]:

1000



, = , (1)

where  is the gas velocity at the tuyère exit (m/s),  is the density of the gas (kg/m3),  is the
gravitational acceleration (m/s2),  is the exit diameter of the tuyère (m) and  is the density of
the liquid phase (kg/m3). In order to obtain dynamic similarity of top lance blowing, four kinds
of forces need to be considered: the gravitational force, the aerodynamic force, the inertial force
and the viscous force [5]. In the literature, different criteria have been used to determine the
lance gas flow rate and the lance height in the model. Often, the modified Froude number is also
used [5, 6, 7, 8]. In the literature, lance height [5, 8], cavity depth [7] and lance nozzle diameter
[6] have been employed as the characteristic length. In this work, the nozzle exit diameter was
used as the characteristic length. The gas velocity at the bath surface ux,  which  is  used  to
calculate the modified Froude number, is usually calculated by the following approximation
formula [9, 10]:

=
0.97

0.07 + 0.29
, (2)

where  is the gas velocity at lance exit (m/s),  is the lance height (m) and  is the radius of
the lance nozzle (m). In this work, initial experiments were conducted to study whether this
formula is appropriate to predict the gas velocity. Another similarity criteria for top lance
blowing is the momentum number Mo, which is the ratio between jet momentum and displaced
bath inertia [5]:

=
0.7854 × 10 1.27 1

, (3)

where  is the diameter of the lance nozzle (m),  is the number of nozzles in the lance,  is
the atmospheric pressure (bar) and  is the supply pressure (bar). Subagyo et al. [11] identified
the blowing number as the similarity criteria. The blowing number NB represents the ratio of
inertia force to surface tension force:

=
2

where = , (4)

where  is the critical gas velocity (m/s),  is the surface tension (N/m) and  is the axial
velocity of the gas jet at the bath surface. Originally,  was treated as a constant [11]. However,
Alam et al. have shown that  is a function of the lance height [12] and the nozzle inclination
angle [13]. The value of  differs approximately 300% between lance heights of 250 mm and
900 mm [12]. However, no values or equations are available for a lance height over 900 mm, and
for this reason the blowing number could not be calculated accurately for the actual AOD
converter. With the these considerations in mind, the gas flow rate through the top lance as well

1001



as the lance height were calculated by using both the modified Froude number and the
momentum number, but not the blowing number. In the calculations, the employed three-hole
lance was treated as a single-hole lance. This is reasonable as the effects of three-hole top-
blowing become negligible at sufficient lance heights. For sake of simplicity, the influence of the
slag layer was also neglected. Additional experiments were conducted in order to determine the
gas velocity u  at the surface of the bath. Therefore, a pitot tube was placed underneath the lance
and connected to a manometer. The lance height varied between 2 cm and 30 cm, while the gas
flow rate varied from 0.03 Nm/min to 0.275 Nm/min. For each lance height  and volume flow
rate, ten gas velocity measurements were conducted and the average of these values was
calculated. Based on the experiments it was found that Eq. 2 over-predicts the gas velocity
considerably. However, Eq. 7 showed reasonably good accordance with the experimental data:

=

.

, (7)

where  is the gas exit velocity, c is the lance factor and  is the lance nozzle diameter. The
exponent –0.92 was found to be the best fitting one. However, it is should be noted that c is not
constant; it is a function of the volume flow rate through the lance. Based on linear regression,
the lance factor c was found to vary between 2.84 and 3.18. The predicted and measured gas jet
velocities are shown in Figure 1.

Figure 1. Predicted vs. measured dimensionless gas jet velocity.

Mixing Time Measurements

The experimental set-up of the mixing time measurements is illustrated in Figure 2.The drop in
pH was measured with a pH meter using a sampling rate of 20 measurements per second. Ten
milliliters of concentrated sulfuric acid (98%) was injected in one go with a pipette 60 seconds
after the measurements started. Afterwards, the pH was measured for a further 240 seconds. Due
to the decreasing temperature, the pH decreased slightly after the pH drop in some experiments.
Therefore, a temperature-compensating criterion was developed to identify the mixing time. The
pH values of the last 180 seconds were taken to calculate a line of best fit. This line was
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extrapolated backwards, and the function value of t = 60 s was used as a reference level for the
employed 97.5% criterion. As a result, the yield of the experiments could be increased
significantly and the variation in the results could be decreased.

Figure 2. Experimental setup.

For every data point, the number of required experiments was calculated using the following
equation [14]:

, (6)

where  is the standard deviation of the mixing times (s),  is the confidence interval factor
and  is the mixing time error (s). The error E was set to one-third of the mixing time. The
confidence level was chosen to be 95% and, therefore, z /2 was 1.96.

Results

Mixing Time Measurements (Reduction Stage)

In the first set of experiments, the effect of top slag on the mixing time in the reduction stage was
studied without oil, with 2.9 l of oil and with 5.8 l; these values correspond to water-to-oil
volume ratios of 0.1 and 0.2, respectively. The flow rates through a single tuyère were 20 l/min,
50 l/min and 80 l/min, which correspond to modified Froude numbers of 750, 4,750 and 11,750,
respectively. Table II shows the results for average mixing time as well as the absolute and
relative standard deviations. The standard deviations of the measured mixing times were found to
be higher when the oil phase was used to represent the top slag.

1003



Table II: Results for mixing time (reduction stage).
Parameter Series A Series B Series C
Oil volume [l] 0 2.9 5.8
Volume ratio 0 0.1 0.2
NFr,t 750 4750 11750 750 4750 11750 750 4750 11750
Average mix. time [s] 16.60 14.94 11.40 29.10 17.88 10.55 29.57 19.00 11.20
Standard deviation [s] 2.29 5.89 2.44 15.19 9.76 4.68 6.04 6.79 4.14
Relative std. dev. 0.14 0.39 0.21 0.52 0.54 0.44 0.20 0.36 0.37
Number of samples 5 9 5 10 12 10 7 6 5
Required samples 1 6 2 10 11 7 2 5 5

As shown in Figure 3, the mixing time decreased as the modified Froude number increased. The
mixing time was found to increase along with the slag-steel ratio. However, the effect is different
for different modified Froude numbers. While the effect of the steel-slag ratio is relatively high
at the smallest modified Froude numbers, it is almost negligible at the highest modified Froude
number. Due to the violent stirring, the employed oil layer emulsified into the water bath to a
large extent.

Figure 3. Mixing time vs. modified Froude number (left) and vs. slag-steel ratio (right).

Different types of equations were tested to identify a mixing time equation that depends only on
dimensionless process parameters. At first, a simple linear equation was tested:

= , + ,
(9)

where ,  and  are fitting parameters, while  is the slag-steel volume ratio. The
experimental results showed that the effect of slag is smaller at higher modified Froude numbers.
Thus, slightly better accuracy was obtained by adding a cross-correlation term with fitting
parameter k:
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= , + + , .
(10)

The fitting parameters were determined by using the sum of the least squares method, and their
values are shown in Table III.

Table III: Parameters of the mixing time equation for reduction stage.
Parameter y k R2

Value with linear equation 22.1 0.00123 28.0 – 0.8
Value with cross-correlation 18.8 0.00067 60.6 –0.00565 0.89

Mixing Time Measurements (Decarburization Stage)

In the second set of experiments, the physical model was fitted with a three-hole top lance in
order to study the mixing behavior during the combined top- and side-blowing decarburization
stage. The modified Froude numbers of the sidewall tuyères were again chosen to be 750, 4,750
and 11,750. The effect of a slag layer was studied using 2.9 l of rapeseed oil, which corresponds
to a steel-slag volume ratio of 0.1. The experiments were conducted without lance or slag
(Series A), with lance but without slag (Series B), and with both lance and slag (Series C). The
results of these experiments are shown in Table IV .

Table IV: Results for mixing time (decarburization stage).
Parameter Series A Series B Series C
NFr,l 0 4.2 4.2
Slag volume [l] 0 0 2.9
Volume ratio 0 0 0.1
NFr,t 750 4750 11750 750 4750 11750 750 4750 11750
Average mix time [s] 16.60 14.94 11.40 24.17 15.10 14.70 39.50 21.40 12.00
Standard deviation [s] 2.29 5.89 2.44 8.76 3.53 1.72 6.19 3.84 2.35
Relative std. dev. 0.14 0.39 0.21 0.36 0.23 0.12 0.16 0.18 0.20
Number of samples 5 9 5 6 5 5 5 5 5
Required samples 1 6 2 5 2 1 1 2 2

Figure 4 shows the mixing time during the decarburization stage for the experiments conducted
without slag as well as the experiments conducted with a slag phase. The results indicate that the
presence of top slag increases the mixing time, although this effect decreases as the modified
Froude number of the tuyères increases. In addition, it was found that top-blowing increases the
mixing time. This result is in accordance with the experiments conducted by Wei et al. [3], who
suggested that mixing is caused primarily by side-blowing, while top-blowing disturbs the flow
pattern of the main vortex. The effect decreases slightly with increasing gas flow rates through
the tuyères.
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Figure 4. Mixing time vs. modified Froude number without (left) and with slag phase (right).

Again, a mixing time equation was developed by using the least squares method:

= , + + , + , + , , ,
(11)

where  and  are fitting parameters. The values of the fitting parameters are given in Table V. It
should be noted that the number of data points might not be sufficient to deduct the coherence
between the investigated process values and the mixing time correctly.

Table V. Parameters of the mixing time equation for decarburization stage.
Parameter y k t w R2

Value 17.5 0.00057 104.3 –0.0095 2.48 –0.00023 0.92

Discussion

Wuppermann et al. [1] studied the mixing time in a 1:4 water model of a 120 t AOD converter
and found that the mixing time decreases as the modified Froude number increases and that there
is an ideal bath height-to-diameter ratio of between 0.7 and 0.75. Ternstedt et al. [2] investigated
the effect of volume flow rate through the tuyères, bath height and vessel diameter during side-
blowing in two models using potassium chloride as a tracer. The results of their experiments
suggest that the influence of the bath height is almost negligible and that the mixing time
decreases as the volume flow rate increases and with decreasing bath diameter. Wei et al. [3]
examined the influence of the angle between the side-blowing tuyères, the number of tuyères and
the gas flow rate for both side- and top-blowing in a 1:3 model of a 120 t AOD converter. Their
experiments showed that the mixing time decreased when the tuyère angle was increased from
18° to 22° and when the number of tuyères was decreased from seven to six. Moreover, the
mixing time was found to increase with increasing top-blowing rate. In an earlier study, Wei et
al. [4] employed a 1:3 model of an 18 t AOD converter and found that rotating jets decreased the
mixing time. Table VI concludes the effect of all the parameters investigated so far on the
mixing time within an AOD converter.
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Table VI: Overview of the effect of certain parameters on the mixing time.
Parameter Effect on mixing time Reference
Modified Froude number (tuyères) Decreasing [1, 2, 3], this work
Height-to-diameter ratio of bath Increasing* [1, 2]
Angle between tuyères Decreasing [3]
Number of tuyères Increasing [3]
Top-blowing Increasing [3], this work
Rotating jets Decreasing [4]
Slag/oil layer Increasing this work
Top-blowing with slag/oil layer Increasing this work

* The ideal bath height-to-diameter ratio was between 0.7 and 0.75.

There are certain points that need to be considered when interpreting the results. The viscosity of
the AOD slag changes significantly during the process as solid phases might occur due to
changing composition. Therefore, the viscosity values given in Table I should be understood as a
snapshot in time and the identified equation describes merely one period during the process each
time. Based on numerical simulations of an AOD vessel, Odenthal et al. [15] found that the
damping effect of the top slag increases with increasing viscosity, which suggests that the mixing
time would also increase. In addition, it should be noted that the steel–slag interfacial tension is
considerably higher than that of oil and water and, therefore, the model exhibits more aggressive
emulsification behavior than was expected to occur in an actual AOD vessel. In fact, it might be
possible that the increasing mixing time is the result of an increasing effective viscosity and not
of damping effects. In future work, it might be sensible to employ food coloring instead of
sulfuric acid as a tracer, as suggested by Wuppermann et al. [1], as the standard deviation of their
measurements was much lower than in this work. Nevertheless, it remains uncertain whether the
color of the rapeseed oil would affect the reliability of this measurement method.

Conclusions

The aim of this study was to investigate the effect of different process parameters on the mixing
time in an AOD converter. The mixing time measurements were conducted with a 1:9-scale
water model of a 150 t AOD converter using concentrated sulfuric acid as a tracer. Rapeseed oil
was used to represent the top slag phase. The experiments permit the following conclusions:

(1) In the reduction stage as well as in the decarburization stage, the mixing time decreases as
the modified Froude number of the tuyères increases.

(2) Top-blowing increases the mixing time, which is believed to be due to the disturbance of
the main vortex caused by side-blowing.

(3) The presence of a slag layer increases the mixing time, but the increment is not linear with
the amount of slag used. The effect decreases as the modified Froude number increases. In
the case of combined blowing, the presence of a slag layer increases the mixing time
further.

Finally, mixing time equations were proposed for the reduction stage and the decarburization
stage; the correlation factors for these equations were 0.89 and 0.92, respectively.
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Abstract 
A fully transient 3D CFD modeling approach capable of predicting the three phase (gas, slag and 
steel) fluid flow characteristics and behavior of the slag/steel interface in the argon gas bottom 
stirred ladle with two off-centered porous plugs (Ladle Metallurgical Furnace or LMF) has been 
recently developed.  The model predicts reasonably well the fluid flow characteristics in the LMF 
system and the observed size of the slag eyes for both the high-stirring and low-stirring conditions. 
A desulfurization reaction kinetics model considering metal/slag interface characteristics is 
developed in conjunction with the CFD modeling approach. The model is applied in this study to 
determine the effects of processing time, and gas flow rate on the efficiency of desulfurization in 
the studied LMF system.   

Introduction 
The ladle metallurgical furnace (LMF) is responsible for alloy additions, steel temperature control,
desulphurization, deoxidation, and inclusion removal in steelmaking process. Inert gas stirring is 
needed to transport the steel to the slag/steel interface where most reactions occur. To understand 
the mechanisms of various phenomena inside the ladle, a large amount of work was conducted on 
various aspects of gas-metal-slag interactions.  

First, in order to investigate the three-phase fluid flow behavior, many models for predicting gas 
stirring in LMF have been developed [1-4]. Lou et al. [5] established a gas and liquid two-phase 
flow model based on the Euler-Euler approach and investigated the influences of the interphase 
force including turbulent dispersion force, drag force, and lift force. By taking the slag phase into 
account, Jonsson et al. [6] used a two-dimensional three-phase model to investigate the effect of 
viscosity on ladle-refining. Later, Cloete et al. [7] developed a mathematical model by employing 
the Lagrangian discrete phase model (DPM) to describe the bubble plume and the Eulerian 
multiphase volume of fluid (VOF) model for tracking the free surface of the melt. Li et al. [8] used 
the VOF method to simulate the transient three-phase flow and the effects of gas injection on the 
behaviors of slag layer. Although significant number of models have been developed, it is still not 
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clear which model can accurately predict the effect of gas stirring and other operating parameters 
on the three phase flow and interaction behavior.  

The second major feature of an LMF system is the sulfur removal capability. Owing to the 
increasing demand for low-sulfur steel, slag-metal reactions and desulfurization efficiency under 
different conditions have also been widely studied. In 1998, Jonsson et al. [9] developed a sulfur 
refining model by coupling thermodynamic reactions of slag/metal and fluid flow. The model 
showed that desulfurization rate mainly depends on the transfer rate of sulfur from the metal to the 
slag/steel interface. Lou et al. [10] proposed a computation fluid dynamics-simultaneous reaction 
model (CFD-SRM) coupled model to describe the desulfurization behavior in a gas-stirred ladle. 
The simultaneous slag/metal reaction rates at the interface were calculated by SRM, and then they 
were added into the CFD source terms to calculate the transport and distribution of each component 
in the liquid steel. However, it’s well known that liquid metal may become entrapped in the slag 
phase and form metal droplets depending on gas blowing number. The generated droplets enhance 
the rates of heat transfer and chemical reactions. Sample analysis results in [11] showed that the 
total interfacial area between the steel droplets and the slag was 3-14 times larger than the projected 
flat interfacial area between the steel and the slag. Wang et al. [12] developed a numerical model 
for dephosphorization including reaction at the bath metal-slag interface and the droplet metal-
slag interface. Their results showed that the dephosphorization rate at the interface between the 
droplet metal and the slag is about two orders of magnitude faster than that at the bath metal-slag 
interface.  

The objective of the present work is to develop a fully transient 3D CFD modeling approach in the 
argon gas bottom stirred ladle with two off-centered porous plugs. This model can predict the three 
phase (gas, slag, and steel) flows and behavior of the slag/steel interface. Then the model is coupled 
with a desulfurization kinetics submodel to predict the sulfur removal rate. The effects of key 
processing parameters including Ar flow rate, processing time and interface area on the three phase 
flows and desulfurization behavior were also studied in detail. 

 

Model Description 

Assumptions 

In the present study, the desulphurization is made by a slag containing 30 mass% Al2O3, 55 mass% 
CaO, 7.5 mass% MgO and 7.5 mass% SiO2. The initial concentration of the dissolved oxygen in 
the liquid steel is 0.02 mass%. The mathematical model for three-phase fluid flow and kinetic 
reaction in LMF systems is based on the following assumptions: 

� The dissolved elements are uniformly distributed in the steel at the start of the calculation. 
� The concentrations of slag components are assumed to be homogeneous due to the small 

thickness of slag layer compared with liquid steel. 
� The walls in the ladle are assumed to be smooth and non-slip. All the computations were 

done at 1800K. 
� The free surface of the slag/air interface is frictionless. An allowance is made for the escape 

of gas bubbles at the interface.  
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CFD model 

The CFD model consists of a multiphase VOF-Level Set explicit model in conjunction with 
momentum, energy, and species transfer models as well as the k-epsilon realizable turbulence 
model with standard wall functions in ANSYS Fluent [13]. A detailed description of the complete 
VOF model can be found in [14]. 

Reaction Model 

Based on the slag-metal reaction, the desulfurization process in the ladle can be expressed by the 
following reaction:  

                               (1) 

where ( ) indicates the species in the slag, and [ ] represents species in the liquid steel bath [15]. 

The reaction rate is controlled by the mass transfer of elements in the steel from bulk to the 
slag/steel interface, since the concentrations of these species in the bulk steel are much lower than 
the compound of these species in the slag. The kinetics of the reaction at both the bath metal/slag 
and the droplet metal/slag interfaces are considered. The details of the reaction kinetics of these 
reactions can be found in [8]. The kinetics model of the droplet formation is described in [16]. The 
droplet size can be related to the turbulent energy and surface tension. Since the available 
interfacial area of the droplets is very large, the metal droplets can significantly increase the 
desulfurization rate in the ladle [12].  

At the slag-metal interface, the overall desulfurization reaction rate SS (the change in the 
concentration of sulfur in steel) can be written as: 

                                (2) 

where the (wt%S) indicates the mass fraction of sulfur in slag phase, [wt%S] is the local mass 
fraction of S in liquid steel, ρl is the density of liquid steel. keff,i characterizes the overall mass 
transfer coefficient of element i. Rk is the modification coefficient related to the droplet metal/slag 
interface reaction [12] and is determined to be ~70 via experimental measurements at Nucor. LS is 
the distribution ratio of element S between slag and metal phases at equilibrium: 

                                                       (3) 

The equilibrium concentrations of sulfur in steel and slag phases, [wt%S]* and (wt%S)*, can be 
calculated using Factsage (SlagA and Fe-liquid model) [15, 17]. 

 
The overall mass transfer coefficient of element i can be calculated as 

                                                  (4) 

where km,i, ks,i are the mass transfer coefficient of species i in liquid steel and slag, respectively. 
The mass transfer coefficients could be calculated through the Komogorov theory of isotropic 
turbulence as follows: 
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                                                   (5) 

                                                    (6) 

where c is a constant and is 0.4 for this work [18]. Dm,i and Ds,i are diffusion coefficients of species 
i in liquid steel and slag, respectively. In the current model, the diffusion coefficients of species in 
liquid steel are assigned to 7.0 × 10-9 m2/s [10]. The diffusivity of species in slag are generally two 
orders of magnitude lower than that of steel species. As shown in the equation, the mass transfer 
coefficient is proportional to the square root of the diffusion coefficient. Thus, the relations 
between ks and km can be obtained as follows: 

                                                             (7) 

By the Eqs. (2) through (7), the desulfurization reaction kinetics can be calculated. 

 

Numerical Procedure 

The geometry of the LMF is shown in Figure 1. It has two off-centered plugs (diameter 92 mm). 
The initial thickness of the slag layer is 150 mm, and depth of the steel is 3.35 m. Two argon flow 
rates were used: 0.0281 m3/s and 0.11238 m3/s. The thermo-physical properties of the steel, slag 
and argon at 1800K are presented in Table I. 

 

 

Figure 1.  Meshed geometry of the LMF system. 

 

Initially, the slag layer rests on top of the steel bath, and no argon blows through the porous plugs. 
The inlet velocity of argon gas is calculated as [8]: 
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where subscript L means ladle operating condition, and S is standard condition. ST  and LT  are 

solidus and liquidus temperature, respectively. A is plug area, and SQ  is argon gas flow rate at 

standard condition. 

 

Table I.  Thermo-physical properties of materials at 1800K 

Steel Slag Argon 
Density, 
kg/m3 

Viscosity, 
kg/(m∙s) 

Density, 
kg/m3 

Viscosity, 
kg/(m∙s) 

Density, 
kg/m3 

Viscosity, 
kg/(m∙s) 

7020 0.006 3500 0.03 0.568 2.125×10-5 

 

Results and Discussion 

Figures 2 and 3 show the volume fraction profile for the Ar in the plug cross section and for the 
slag phase at free surface, respectively. And it can be seen that the mixing is very strong along the 
Ar path and become weaker further from it (as displayed in Fig. 2). As it can be seen from these 
figures, the mixing of the phases under high gas stirring rate is significantly stronger compared 
with the low flow rate case. Also, Figs. 3 show the size of the open slag eye for the low and high 
flow rates, respectively. The size of slag eyes increases with the gas flow rate, which is in 
reasonable agreement with our experimental observations and previous publications [8, 10].  
 

 
                             (a) 

 
                         (b) 

Figure 2.  Volume fraction profile for the Ar phase at 100s: (a) low flow rate case,  

(b) high flow rate case. 
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                             (a) 

 
(b) 

Figure 3.  Volume fraction profile for the slag phase at 100s: (a) low flow rate case,  
(b) high flow rate case.  

 

Figures 4a, 4b, 5a, and 5b show the S mass fraction profile in the steel phase at 100s and 200s for 
the low and high flow rate cases. The S content is very high in the bubbly plume zone, and then it 
is transferred upward to center of slag eyes by upping steel flow. At the steel surface the S content 
gradually decreases due to the desulfurization reaction, and the S concentration is lowest at the 
side wall where the liquid steel leaves the slag/metal interface. Then, it would increase again inside 
the ladle because the species would be further mixed. As a result, sulfur is removed with time, as 
shown in Fig. 6. 

 
                            (a) 

 
(b) 

Figure 4.  Mass fraction profile of sulfur in the steel phase at 100s: (a) low flow rate case, (b) 
high flow rate case. 
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                            (a) 

   
                       (b) 

Figure 5.  Mass fraction profile of sulfur in the steel phase at 200s: (a) low flow rate case,  
(b) high flow rate case. 

 
Figures 4-6 display that the desulfurization efficiency under high Ar flow rate is much higher than 
that under low Ar flow rate. Lou et al. [10] have got similar results in their previous research. The 
improved desulfurization efficiency is attributed to the higher mixing rate and stronger interaction 
between steel and slag phases under high Ar flow rate. The enhanced turbulence degree and 
emulsification improves the species mass transfer rate as well as the desulfurization rate [10].  
 

 

Figure 6.  Mass fraction of sulfur in the steel phase with time. 
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Conclusions and Future Work 

A fully transient 3D CFD modeling approach capable of predicting the fluid flow, solute transport 
and desulfurization kinetics in the LMF was developed.  The model can be used to predict the 
three-phase fluid flow, the behavior of the metal/slag interface as well as the sulfur removal during 
the Ar stirring process. The reaction kinetics model for sulfur removal will soon be validated 
against experimental measurements of sulfur content at different times in the LMF. Also, the 
model will further be refined by accurately considering the droplet metal/slag interface reaction.  
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Abstract 

Slags have a central role in pyro-metallurgical processes. They bind impurity compounds and 
absorb reaction products like oxides and sulfides. Functional slags are made by adding lime, 
magnesia, fluorspar, bauxite, calcium aluminate or other compounds into the reactor vessel where 
they form the slag together with the targeted reaction products. Additionally, refractory materials 
of the vessel tend to dissolve into the slag and thus influence its properties.  
Slag formation is extremely essential in rapid processes, to ensure sufficient time for desired 
purifying reactions and to avoid harmful reactions with the refractory materials. Slag formation is 
a complex series of numerous phenomena. In this contribution, thermodynamic constraints, kinetic 
aspects and mechanisms in slag formation and in adjustment of properties were reviewed. Slag 
formation and conditioning in steel converter process and in secondary metallurgy aiming for 
improved desulfurization and steel cleanliness, were examined and discussed as examples. 

Introduction 

In basic oxygen converter (BOF) hot metal silicon is first oxidized forming SiO2. It is an acid oxide 
and tends to react with basic lining materials (MgO and CaO). In order to avoid lining wear the 
formed silica should directly bind in slag. At the very beginning of the blow there is, however, no 
real slag available but only solid lime or dolomitic lime containing some MgO. Rapid slag 
formation is desirable in order to bind SiO2 with the added lime and to form slag. However, it is a 
well-known problem that the slag formation is retarded by the formation of solid silicate layer 
(Ca2SiO4) between the added lime lumps and SiO2 formed from oxidation of [Si] in hot metal. To 
promote slag formation fluxing materials like CaF2 were added. Another way was to utilize the 
fluxing effect of “FeO” in the slag. FeO originates from either oxidation of iron from hot metal 
surface when using “soft” oxygen blow or from iron oxide additions (sinter, iron ore, dust) in the 
O2 blow beginning. These phenomena were well-known already during the second decade of the 
emerging LD/BOF process in 1960s [1-4]. Even the influence of lime quality on slag formation 
was established. Lime quality includes its composition (CaO, SiO2, S, CO2, H2O) and “reactivity” 
which are dependent on the mineralogy and composition of limestone as well as on the burning 
process (shaft furnace vs rotary kiln) and temperature. Lime is typically burnt at 1100-1200 ⁰C. At
low temperature, mechanically “soft” reactive lime is produced whereas at high temperature the 
product is “hard” and less reactive. In hard burnt lime the carbonate CaCO3 is fully decomposed 
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to CO2 and CaO lumps or grains, which are denser, more sintered and crystalline and have less 
porosity and smaller surface area than soft burnt lime, respectively. Although the role of lime 
quality was recognized, it was difficult to verify in an industrial process. Testing methods based 
on dissolution rate into water were used to control the lime reactivity [5,6]. They were able to 
express the “burning degree” for pure lime but were not relevant for any complex lime products. 
Already in late 1960s Obst et al [7] proposed “special lime products”, e.g. lime-iron oxide 
briquettes to speed up slag formation. In the late 70s - early 80s a comprehensive project was 
carried out by the Scandinavian Ironmasters Society (Jernkontoret) as an aim to develop special 
lime products for steel making processes. Numerous different lime-based products doped with 
other oxides and compounds (Fe2O3, MnO, B2O3, TiO2, Al2O3, CaF2) were prepared and tested by 
using a sessile drop technique by melting a slag sample on a lime product cylinder in a furnace 
equipped with a camera [8]. The effect of different additions on lime dissolution were stated and 
measured. Later in this contribution, selected results of these studies have been represented. 
 

Thermodynamic constraints of slag formation 
 
A classical way to illustrate the slag formation event is to draw a “slag path” in the ternary slag 
diagram CaO-SiO2-“FeO”. In Figure 1, the left arrow represents a “hard” blow with low “FeO” 
content in the slag. It passes the first CaSiO3 “nose” but meets the second Ca2SiO4 “nose” at 1500-
1700 ⁰C, which then inhibits lime dissolution. On the other hand, along the “FeO”-rich path (right) 
slag formation can proceed freely as the Ca2SiO4 “ridge” comes up only to 1600 ⁰C which 
temperature is easily exceeded towards the blow end. 

 
 
Figure 1. Typical slag paths during BOF blow presented in ternary diagram of main slag 
constituents. During the oxygen blow the slag temperature rises from 1300 ⁰C to 1700 ⁰C [9]. 
 
Principally, another way to promote slag formation is to add compounds, which “flux” the silicate 
nose by shifting the Ca2SiO4 isotherms towards the CaO-SiO2 axis. In the next figure the influence 
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of selected compounds on the liquidus line in the Ca2SiO4 - Mx(O,F)y systems can be seen. The 
calculations were done by using the FactSage 7.0 Package with FToxide database. 

 
Figure 2. Influence of different additions on liquidus line in Ca2SiO4 - Mx(O,F)y –system.  
 
Iron oxides (Fe0.945O, Fe2O3) can be used as references to describe the fluxing effect. Ti-oxide is 
in the same category, Al2O3 little stronger, CaF2 much stronger and boron oxide the strongest. Of 
these fluorspar CaF2 is commonly used. B2O3, as colemanite (calcium borate hydroxide) mineral 
was already tested in 1970s [7, 8]. It was an efficient flux but had one significant drawback: even 
a small amount of B2O3-bearing converter slag carried over into the ladle can result in little boron 
pick-up into steel as [B]. Boron has an extremely strong hardening effect in steel. That might be 
very dangerous in many steel grades. Hence, colemanite did not become any common flux in BOF.  
In addition to the liquidus temperature the width of the solid-liquid region and the position of 
solidus line in relation to the pure phase is essential. They were not drawn in the figure. For oxide 
additions the solidus is close to the y-axis, whereas for CaF2 the solid-liquid region is narrower 
 

Experimental investigations 
 

As discussed earlier, slag formation is conventionally tried to promote by adding fluxing 
components into the primary slag to dissolve the solid silicate or to prevent its formation. Another 
possibility might be to modify the lime itself by increasing its “self-fluxing” properties. The idea 
was studied in laboratory scale by a modified sessile drop method. Burnt lime and lime-mixtures 
(3g) were pressed (P=2000 kg/cm2) to flat cylinders which were used as substrates (A=3cm2). Pre-
melted slag (20%CaO-30%FeO-50%SiO2) simulating the primary BOF slag was weighed 200mg 
and pressed to small cylinder (A=0.25cm2) and located on the lime substrate (Figure 3). Each 
specimen was heated in purified Ar atmosphere at 1350 ⁰C for 3min. Then the specimen was 
cooled down, CaO content in the slag analyzed and the penetration zone investigated in detail. The 
effect of different additions on lime dissolution are shown in Figure 3. The powerful effect of CaF2 
and B2O3 is clearly seen. In Figure 4, the experimental course is demonstrated via specimens of 
pure lime and lime + BOF dust (82% Fe-oxides, 12 %CaO). We see that dust addition strongly 
increases slag spreading and penetration into lime as well as lime dissolution itself. 
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Figure 3. Effect of different additions in lime on its dissolution into slag in a laboratory test [8]. 
 

 
Figure 4. Left from the top: schematic layout of substrate and slag sample, next three specimens 
after sessile drop test - outlook from above; then cross-section of the specimens on the bottom. 
Right: optical micrographs of two specimens - cross sections downward from the top surface. Lime 
and mixtures burnt at 1100 ºC; sessile drop experiments at 1350 ºC/3 min/ Ar atmosphere. 
 
Somewhat similar research was done in industrial scale too. Burnt lime and iron oxide (25%) were 
mixed and cold-pressed to briquettes, which were then used in 55 tons BOF. The results were 
promising showing better dephosphorization and iron yield and less slopping [10]. Briquettes were 
however, too weak causing extra dust formation in the LD converter. Implementation in large scale 
would require investments in lime production facilities. Recently, interest in this kind of 
ferruginous lime products seems to be waken again [11]. 
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Slags in Ladle Metallurgy 
 

Generally, slags in ladle metallurgical processes are designed to maximize their refining capacity, 
which includes optimized chemical composition as well as physical properties. In clean steel 
process slags should not contain high amounts of unstable reducible oxides (FeO, MnO), they 
should protect against the influence of air atmosphere and minimize heat losses.  Additionally, 
secondary steelmaking slags should not be corrosive against the ladle furnace refractory. Ladle furnace 
slags originate from different sources i.e. carry-over slag from converter, lime and other flux 
additions, deoxidation and desulfurization products, residual ladle slag of the previous heat and 
refractory oxides from the lining wear. Furnace slag carry-over results in higher deoxidizer 
consumption. It reduces alloy recovery and is largely responsible for the fade of aluminum. Slag´s 
high FeO content has adverse effects on desulfurization, steel cleanliness, ladle process time and 
refractory wear. Many developments have been achieved to prevent slag carry-over such as tap 
hole plugs, slide gate mechanisms, thermal camera systems etc. However, these techniques can 
minimize the slag carry over not entirely eliminate. A wide variety of fluxes is available today as 
slag conditioners along with lime, bauxite, calcium aluminate, Al dross, dolomitic lime, CaC2, 
CaF2 etc. Spent refractory materials can be used for this purpose such as alumina and MgO based 
refractories. Aluminum dross is a by-product of aluminum production and is used as a slag conditioner 
in steelmaking process. Its main components are metallic aluminum and aluminum oxide (> 90%) plus 
additional oxides, SiO2, CaO and MgO. Thus it works also as slag reductant/deoxidizer like metallic 
Al. For the same purpose even CaC2, SiC and carbon have been used, but they contain carbon, which 
can influence the steel composition. Reduction of reducible oxides (FeO, MnO) is crucial for 
desulfurization and steel cleanliness.  
  
Some industrial trials are reported here to compare the deoxidation efficiency of Al dross and Al 
granules for slag reduction of low C, low Si (0.030% max.), Al killed steel grade in 120 tons ladles. 
Ingot Al was added for primary deoxidation at the 70% of ladle filling according to blow-end [O]. 
During tapping, 600 kg lime was added to each ladle. Slag samples were taken from ladle furnace 
after 3 min of heating without any addition at 1600 ⁰C steel temperature. According to FeO+MnO 
level Al dross and Al granules were added on the slag to give the same amount of metallic Al. 
Additions were made in the same slag and process conditions. For this purpose, five trials were 
made at 4, 8, 12, 16 and 20% of initial FeO+MnO level by using 40, 80, 120, 160, 200 kg of Al 
dross. Slag samples were taken after 3 min of heating without any addition. Five trials were made 
at the same initial FeO+MnO levels by using 20, 40, 60, 78, 98 kg of Al granules, respectively. 
 

Table 1. Physical and chemical properties of Al Dross and Al Granules 

Material 

Chemical Composition Physical Properties 

%CaO %Al2O3 %SiO2 %MgO %Other %Almetalic 
-5 mm 

(%) 
5-30 mm 

(%) 
+30 mm 

(%) 

Al Dross 1.9 44.6 4.4 1.2 1.2 46.7 10.0 86.2 4.8 

Al Granules - - - - 4.3 95.7 5.3 93.5 1.2 

 
Figure 5 shows that Al dross is more efficient for ladle slag deoxidation resulting in final 
FeO+MnO contents, which are only half of those by Al granules. Al dross seemed to have spread 
more evenly throughout the slag and to stay longer time due to its slag-like physical properties. 
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Figure 5. Comparison of slag deoxidation efficiency with Al dross and Al granules 

As a result, it makes better slag deoxidation without significant Al pick-up into the steel. On the 
other hand, even though lower amount of Al granulates is used, some Al can go into the steel 
during addition resulting in increased [Al] content in the steel. 
 
For efficient desulfurization in ladle furnace FeO and MnO should be low. The other slag 
composition (CaO, Al2O3, SiO2, MgO) should be kept in a suitable range to obtain a liquid and 
homogeneous ladle slag with high basicity and reasonable viscosity. The crucial physico-chemical 
criteria include high sulfide capacity of the slag, low oxygen activity in the steel, sufficient 
temperature and intensive stirring to assist sulfur transport in the bulk steel and its transfer to the 
slag. In the next example the effect of slag reduction on sulfur partition ratio was studied with LC, 
Al killed steel grade in similar process conditions at 1600oC (Figure 6).  
 

 

Figure 6. Effect of (FeO+MnO) in slag on sulfur partition ratio in LF treatment. 
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The same stirring practice was used in the trials, 3 minutes of lance stirring and 20 minutes of Ar 
bottom soft stirring (180 Nl/min) was applied. During the trials, CaO, Al2O3, SiO2 and MgO were 

controlled by lime and calcined bauxite additions and Al granules were used as slag deoxidizer in 
the ladle furnace. Steel and slag samples were taken to determine the sulfur partition ratio. The 
results showed how sulfur partition ratio increased proportionally to the decreased content of 
reducible oxides (Figure 6). Best desulfurization is achieved with CaO-saturated, low FeO+MnO 
(< 2%) slags. Low a[O] in the steel is attained by Al-deoxidation and sufficient prevailing Al-
content in the steel, respectively. 

 

Discussion  
 

The recent developments throughout the iron and steelmaking route have changed the role of slag 
in converter process. Earlier even desulfurization was an aim in BOF, nowadays it is first done for 
hot metal and finally in ladle furnaces. Dephosphorization is possible for hot metal as well, which 
practice was developed and widely applied in Japan [12]. Elsewhere it is less common as low-P 
ores are more common for iron production. Then deP in BOF is still quite important and fast slag 
formation and strict mastery of slag properties are essential parts of the holistic process control. 
As blast furnaces are running nowadays producing lower Si and Mn contents in hot metal, the slag 
amounts in converter process are significantly smaller than some decades ago. This makes slag 
steering maybe easier but at the same time more critical.  

One extra important aspect is dust formation in BOF process. Dust is formed 2% or even more of 
the amount of steel. One origin is “Direct” dusting of slag additions, whereas the other source is 
the hot metal iron/steel bath via mechanisms like vaporization and ejections. The restraining role 
of slag should cover essentially both these origins. Soft-burnt reactive lime is suffering from 
mechanical weakness and abundant dust formation whereas hard-burnt lime can be metallurgically 
less effective. “Blended” lime products made by burning e.g. mixture of limestone and iron oxide 
(dust, concentrate, mill scale) would produce ideal combination of high reactivity and mechanical 
strength. Even recycled materials like highly basic ladle slags are potential constituents of slag 
formers and conditioners. 

The management of slag formation and conditioning in ladle metallurgy has based on the 
knowledge of thermodynamic and physical properties of slags (phase diagrams, activities, 
capacities, viscosity). That knowledge is then applied to substantiate the practical data of relations 
between process parameters and metallurgical results. Frankly speaking, slag formation in ladle 
furnace has not been any common topic for research because it is not a critical stage owing to 
relatively high temperature, arc-assisted melting and moderate time available for the operation. As 
discussed afore, slag deoxidation seems to be a more critical and time-demanding phase. It is a 
necessary pioneering event for successful deoxidation and desulfurization. An “ideal” slag 
reduction + conditioning process and subsequent deoxidation + desulfurisation process might be 
the following: 1) addition of reductant based on material balance calculation, 2) intensive gas 
rinsing under Ar atmosphere in order to avoid air contact, 3) moderate rinsing for desulfurization, 
4) final soft rinsing to promote separation of slag droplets and removal of oxide inclusions for 
clean steel. 
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Conclusions  
 

Slag formation in steel converter process as well as formation and conditioning in secondary 
metallurgy were examined and discussed. The following conclusions can be drawn: 

- Slag formation in converter process is promoted by high iron oxide content achieved by 
oxidizing iron or by oxide addition into slag. Of other fluxes, fluorspar is commonly used 
whereas boron oxide (colemanite) has not become common due to the risk of getting 
reduced boron into steel. 

- Prefabricated lime + iron oxide mixture with “self-fluxing” properties could be a potential 
slag forming agent or ingredient. Mechanically strong, reactive slag forming agent would 
decrease dust formation from BOF. Recycled slag, dust etc. are potential raw materials too. 

- Slag deoxidation has a crucial role on desulfurisation and deoxidation in ladle metallurgy. 
Amount of reducible oxides (FeO+MnO) should be reduced to 2% or below.  

- Al dross and Al granules were tested as slag deoxidisers. Al dross can be distributed more 
evenly in ladle slag and it influences longer time due to its slag-like physical properties. 
So, it was stated to be more effective than Al granules as slag deoxidiser. Al dross also 
works as a slag modifier due to high alumina content.  
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Abstract 

The reduction experiment of iron ore containing high Alumina content with petroleum coke was 
carried out in the temperature range of 1673 to 1773K by changing the slag composition. The 
sulfur and phosphorous content in the reduced iron nugget were measured to investigate the 
desulfurization and dephosphorization behavior during the reduction. The mineralogy of iron ore 
and additives to the carbon composite agglomerate (CCA) highly influenced on not only the 
reduction itself but also the melting, carburization, metal-slag separation, desulfurization and 
dephosphorization. High basicity of slag retarded the melting of CCA and the metal-slag 
separation, but enhanced sulfur and phosphorous removal degrees in the separated metal. 

Introduction 

Low grade irons containing high magnetite and alumina content had not been considered as main 
sources for conventional iron making process before the depletion of high grade lump ores 
became a significant issue. In particular, the low grade iron ores cannot be used for blast furnace 
iron making process by several problems.[1,2] Some iron making processes such as MIDREX, 
HYL III and rotary kiln have abilities to adopt low grade ores to produce direct reduced iron for 
electric arc furnace (EAF) operation. But, reducing iron ore of high alumina content is still a 
challenge even the processed.[3]
Compared to blast furnace process, the process for direct reduced iron can adopt the slag 
composition in the generous range. The usage of high basicity slag for the reduction of carbon 
composite iron containing high alumina content was proposed in RHF process.[4] The effect of 
high basicity slag with high alumina content on the CCA reduction and the metal-slag separation 
was also investigated.[4,5] It has been known that the high basicity of slag has an advantage to 
remove sulfur and phosphorous in the reduced iron.[6] 
In this study, high basicity slag was adopted to reduce the high alumina containing CCA to 
investigate the melting, carburization, desulphurization and dephosphorization behaviors in the 
experiment carried out in the temperature range of 1673K to 1773K.  
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Sample preparation 
 
As a representative high alumina iron ore, the limonitic laterite iron ore of high alumina and low 
silica was used. For the reducing carbon source, a petroleum coke of low ash was adopted. The 
iron ore and the coke were crushed and sieved into powders in the size range of 100~150μm. 
Their chemical composition are shown in the Tables 1 and 2, respectively. 
 

Table 1. Chemical composition of limonitic laterite ore used in the present study (mass%). 

 T.Fe Fe2+ M.Fe SiO2 Al2O3 Ni P S 

Limonitic 
Laterite 42.52 0.42 - 5.11 7.80 1.5 0.03 1.58 

 
Table 2. Chemical composition of petroleum coke used in the lab scale test. 
Proximate analysis  

(mass%) 
 Ultimate analysis  

(mass%) 

VM FC Ash IM  C H N S O 

10.97 87.7 0.06 0.68  87.25 3.70 1.03 5.73 2.29 

 
The iron ore mainly contains Al2O3 and SiO2 which would form Al2O3-SiO2 based slag which 
might have high melting temperature. To control the melting temperature, specific amounts of 
CaO and SiO2 were added into the iron ore so that the expected final slag compositions would 
have low melting temperatures in the CaO-SiO2-Al2O3 slag system. The coke adopted in the 
experiment contains high sulfur content and low ash content. The high sulfur content in the coke 
increased the total sulfur content in the CCA and the total sulfur content was used as the initial 
value to measure desulphurization degree in the iron nugget after the reduction experiment. By 
adjusting the total basicity and fixing C/O ratio, 4 kinds of CCAs with different mixing condition 
were prepared for the experiment as shown in Table 3.  
 

Table 3. Mixing conditions of the pellets with various slag systems. 
 Ore (g) Petro coke (g) CaO (g) SiO2 (g) Al2O3 (g) 

CCA_origin 3.0 0.47 - - - 
CCA_A 3.0 0.47 0.36 0.81  
CCA_B 3.0 0.47 0.47 0.32  
CCA_C 3.0 0.47 0.18 0.02  
CCA_D 3.0 0.47 1.21  0.73 

 
The slag melting behaviors of the expected chemical compositions induced by the mixing 
conditions were predicted based on FactSage data base in Table 4.[7] 

Table 4. Slag liquefying temperatures of samples 

 Liquid formation starting 
temperature (K) Fully liquefied temperature (K) 

CCA_origin 1870 - 
CCA|_A 1460 1535 
CCA_B 1532 1580 
CCA_C 1668 1687 
CCA_D 1603 1691 
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In short, CCA_A and CCA_B have lower melting temperatures than CCA_C and CCA_D due to 
their own chemical compositions. 
 

Experimental Procedure 
 

5g of the each CCA was put into a graphite crucible and heated up to the target temperature in 
the range of 1673K to 1773K in the air and held for 5, 10, 15 and 20 minutes to observe the 
melting and reduction behaviors for the given time at the given temperature. After the reaction, 
the sample was quenched by high purity Argon gas to reduce the change for the further reaction 
during the cooling. The carbon, sulfur and phosphorus contents in the iron nugget which was 
separated from the slag were analyzed to analyze the carburization, desulfurization and 
dephosphorization degree in the reduction process. The slag composition also was analyzed by 
X-ray fluorescence spectrometry. 
 

Metal-Slag Separation with Different Slag Composition 
 

 
CCA 

_origin 
CCA_A CCA_B CCA_C CCA_D 

1673K 

 

1723K 

1773K 

 
Fig.1. Images of CCAs of different slag compositions with different reaction temperatures 

 

 
Fig.2. Effect of temperature and slag composition on the carbon content in iron nugget 
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Figure 1 shows the images of CCAs after the reductions at the given temperatures. Compared to 
the CCA without additives, the other CCAs showed relatively promoted metal-slag separation 
behaviors at any temperature. But, at low temperature (1673K), CCA_C and CCA_D showed 
relatively poor metal-slag separation which might be induced by their high slag melting 
temperatures as shown in Table 4. In detail, the CaO-Al2O3 based slag has a high melting 
temperature than the CaO-SiO2 based slag, so the direct contact between carbon and reduced iron 
is retarded by the less liquefied slag.[5] Figure 2 shows the carbon content change in the iron 
nuggets depending on the reaction temperatures and slag compositions. As expected from the 
metal-slag separation behaviors, the carbon content in the iron nuggets obtained from CCA_C 
and CCA_D at 1673K were particularly lower than those of the other cases. It shows that the 
metal-slag separation behavior is nicely correlated with the carburization degree of the iron 
nugget.[5] 
During the reduction of CCA and the carburization of iron nugget, an intermediate iron oxide, 
namely FeO, can be formed.  Because of the SiO2 additions to CCA_A, B and C, they had 
chance to allow the formation of fayalite (2FeO·SiO2) which has a low melting temperature of 
1483K. [8] To clarify the effect of FeO on the metal-slag separation, the metal-slag separations 
of the CCAs for given reaction times at 1723K were observed as in fig.3. And the FeO contents 
in the separated slags were measured as in fig.4. CCA_D showed the poor metal-slag separation 
until 10 minutes and it might be induced by the rapid decrease of FeO content. 
 

 
CCA 

_origin 
CCA_A CCA_B CCA_C CCA_D 

5 min 

 

10 min 

15 min 

20 min 

 
Fig.3. Images of CCAs of different slag compositions with different reaction times at 1723K 
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Fig.4. FeO content of separated slags with different reaction times at 1723K. 

 
Desulfurization and Dephosphorization Behaviors in CCA Reduction 

 
The sulfur content in the iron nugget separated from the slag was analyzed. The iron nugget 
without additives (from CCA_origin) shows the highest sulfur content among the reduced iron 
nuggets in fig.5. Interestingly, the lowest sulfur content was obtained from the iron nugget 
separated from the CCA_D which has the highest CaO content, i.e, the highest basicity. This 
results corresponds the well-known fact that the high basicity induces the high desulfurization 
degree  
 

 
 

Fig.5. Sulfur content in separated iron nugget at given reaction temperatures and times 
 
In terms of the phosphorus content, similar to the sulfur content, the high basicity induced the 
effective dephosphorization degree in the iron nugget as shown in fig.6. In detail, the phosphorus 
removal degrees of CCA_B and CCA_D reach at 80%~90%. The degree is much higher than 
that of any conventional process.[9] 
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Fig.6. Sulfur content in separated iron nugget at given reaction temperatures and times 

 
Conclusions 

 
From the experimental results, the following conclusions were obtained: 
(1) Iron nugget separated from slag was successfully produced by direct reduction of high 

alumina containing iron ore with coke of high sulfur and ash. 
(2) The high basicity of slag retarded the metal-slag separation due to the high melting 

temperature, but, the desulfurization degree is much higher than the other slag compositions. 
(3) More than 80% of the initial phosphorus could be removed from the iron nugget by reducing 

the high basicity CCA at 1723K. 
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Abstract 

Slag is a by-product formed in most metallurgical process. During the steelmaking process a
large amount of slag is produced, which becomes a source of waste, which in many instances is 
land filled. Such areas filled with waste materials have become a significant source of pollution. 
Slag recycling is then becoming important in recent years. Recycling can be an efficient option 
to reduce such waste. Fluorspar (Calcium Fluoride) is generally used to help fluidize the slag; 
however, Fluorspar has a corrosive effect on the ladle refractory and is environmentally harmful.
Alternatively, Calcium Aluminate synthetic slag is very effective in making the slag more fluid,
but it is costly. The slag generated in Al-killed treatment at ladle can provide a material with 
advantages over Calcium aluminate synthetic slags and Fluorspar, by being low-cost, 
noncorrosive, and less environmentally harmful. Plant trials conducted  at Hadeed indicate that 
Al-killed ladle slags coming from its Flat Product Ladle Furnace process could be used in place 
of Calcium Fluoride/ Bauxite/Calcium Aluminate fluxes for the production of Si- killed steel 
grades, thus reducing Lime consumption, reducing waste and improving desulphurization levels.

Introduction 

Slag is a by-product formed in many metallurgical processes. In the iron and steelmaking 
industry, there are three main types of slag. The first type is the Blast furnace slag, which is 
predominantly used for the production of cement throughout the world. The second type is 
Steelmaking slag generated from BOF or EAF. Steelmaking slag has a high FeO content, which 
limits its application in the cement industry. Steelmaking slag is then used after proper 
processing, in construction (as aggregate material), for water filtration (as filtering media), and 
finally, for land filling. The third type of slag is Ladle Furnace (LF) slag, which is generated 
during the secondary steelmaking in the Ladle Furnace process. After completion of the primary 
steelmaking operations through Electric Arc Furnace (EAF), the liquid steel is tapped in the 
ladle. The tapped steel has an oxygen content between 500 and 1000ppm, depending on grade 
and operations conditions.  During taping, de oxidants and fluxes are added to reduce the oxygen 
level in the steel. The oxidation products and added fluxes, plus the slag carried over from
furnace during tapping form the ladle slag. The treatment of liquid steel in the ladle is usually 
done by deoxidation with Ferro-Manganese, Ferrosilicon, Silico-Manganese, and Aluminum, 
depending on the final steel quality to be produced. In Al-killed steel making process, the steel is 
deoxidized with Aluminum in order to reduce the Oxygen content to a minimum, so that no 
reaction occur between Carbon and Oxygen during the steel solidification in the casting .  Final 
dissolved Oxygen levels between 1 to 4 ppm are achieved in the product, which is commonly 
rolled into flat products. In Si-killed steel making process, steel is deoxidized with Ferrosilicon 
and Silico Manganese, which can reduce the Oxygen level down to 20 to 50 ppm.[1] 
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The slag formed during tapping is very important for the further processing of the steel and plays 
the following roles: [2] 

� Improve thermal efficiency (the ladle slag covers the arc during ladle processing to 
reduce arc flaring); 

� Improve desulfurization (Slag saturated with CaO with optimum basicity); 
� Improve steel cleanness (Slag absorb inclusion from steel);  
� Improve refractory life (Slag saturated with refractory oxide- MgO). 

 
Different fluxing additions influence the slag properties during secondary metallurgy, such as 
Calcium Aluminates, Fluorspar (CaF2) and Bauxite.  Fluxing agents reduce the melting point and 
the viscosity of basic steel slag[3]. At the same time, these fluxing agents reduce unstable oxides 
(FeO + MnO) coming from the EAF carryover slag, which, if not reduced, would significantly 
reduce the desulphurization capacity of the slag [4]. Fluorspar has traditionally been the most 
commonly used fluxing agent for Lime. However, its corrosive effect on ladle refractories, as 
well as its reaction with Carbon and Silicon to produce environmentally and physically harmful 
Carbon tetrafluoride and Silicon  tetrafluoride, has led to its elimination from many processes 
and to a search for a replacement flux that could be used in the ladle refining of steel.[3] The 
production of these harmful compounds also causes the fluorine in the slag to evaporate in the 
gaseous form and there by depletes the slag from this fluidizing substance. Alumina on the other 
hand, is very stable. When fluid, it can combine with CaO from Lime to form Calcium 
Aluminate, which has a melting point of around 1400°C. Additionally, slag fluidity is essential in 
modern steelmaking to promote absorption of nonmetallic inclusions from the steel bath, since 
inclusions can cause clogging at caster and result in production losses. Nonmetallic inclusions 
also cause surface defects in the final rolled steel, making lower quality steel[3].Calcium 
Aluminate is very effective as slag fluxing and is usable as a desulfurizing agent. However, it is 
very expensive. Lower cost substitutes include the use of a byproduct from Ladle Furnace Al-
killed steel production, which is a slag consisting of a large percentage of CaO (50%) and Al2O3 

(30%), along with MgO.     
 

Plant Trial 
 
The Saudi Iron and Steel Company (Hadeed), located in Jubail, Kingdom of Saudi Arabia, has 
three steelmaking facilities, being Steel Plant Long Product-I (SPLP-I), Steel Plant Flat Product 
(SPFP) and Steel Plant Long Product-II (SPLP-II). Generally, the steel plant flat product produce 
Al-killed steel and long product produce Si-killed steel. There are two types of ladle furnace slag 
in Hadeed processes: the first one is higher in silica and a byproduct of the production of Silicon 
killed steel, and the second is higher in Alumina content and a byproduct of the production of 
Aluminum killed steel.Table-1 shows the typical composition of LF slag at Hadeed steel plant 
flat product. 
 

Table-1 Typical slag composition for Al-Killed steel grades 
%CaO %MgO %Al2O3 %SiO2 %FeO %MnO 

50 9 35 3.6 1.2 0.5 
 
Cast steel slag pots are used to collect ladle slag after end of casting. Prior to collection, 2 to 3 
tons of EAF (30% FeO) cold slag was added to the bottom of the slag pot to prevent slag sticking 
to the slag pot walls. After casting completed, the remaining slag-metal in the ladle is poured into 
a slag pot. Slag pot carriers then transported the pot to the slag yard. The material in the slag pot 
is comprised of EAF slag (with 30% FeO) at the bottom, ladle slag (with 1-2% FeO) at the top, 
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besides some steel still remaining in the ladle by the end of casting. To avoid mixing of EAF slag 
and Al-killed ladle slag, the top liquid slag was dumped at one location and the bottom solid 
portion in a separate location. After the slag was cooled for 3- 4 days, it was bagged for use in 
Si-Killed steel making process. The plant trial was conducted in a Ladle Furnace with the 
capacity of 150 t.  Regularly 700 kg of Lime is added during EAF tapping. A trial was conducted 
for several heats using Al-Killed ladle slag addition during tapping in Si-killed steel. 250 kg of 
Al-Killed ladle slag was added to the ladle bottom before tapping, to reduce the Lime addition 
during tapping to 500kg. Table-2 below shows the additions made for these trials heats: 
 

Table-2 Tapping additions for trial heats 
Tapping Addition Quantity %Mn %Si %C %CaO 

Si-Mn 10 kg/t 68-78% 16-20% 2-2.5% 
Fe-Mn 1.2 kg/t 75-78%  6-7%  
Fe-Si 2 kg/t  75%   
Lime 3.5kg/t    90% 

 
Results and Discussion 

 
Metal and slag samples were collected for the trial heats. Complete characterization was 
performed. The slag samples chemical composition were investigated using X-Ray Fluorescence 
Analysis (XRF) and Carbon Analyzer (LECO). Additionally, the different phases identified were 
investigated using Scanning Electron Microscopy (SEM), coupled with Energy Dispersive 
Spectroscopy (EDX). The steel samples for the trial heats collected and the results obtained are 
given in Table-3 below: 
 

Table-3 Chemical compositions of steel samples for the trial heats 
 
 
 
 
 
 
 
 
The average chemical composition of steel samples for the several normal heats for the same 
grade of steel is shown in table -4 
 

Table-4 Average chemical compositions of steel samples for several normal heats 
 
 
 
The ladle slag samples for the trial heats are collected and the results obtained are given in 
Table-5 below: 

 

Heat No %C %Si %Mn %S %P %Al %N 
Heat-1 0.20 0.22 0.85 0.017 0.012 0.0015 0.0075 
Heat-2 0.17 0.15 0.79 0.011 0.008 0.0007 0.0036 
Heat-3 0.19 0.22 0.78 0.015 0.015 0.0017 0.0045 
Heat-4 0.18 0.23 0.78 0.014 0.011 0.0012 0.0058 
Heat-5 0.17 0.22 0.76 0.016 0.012 0.0011 0.0042 

Average 1.82 0.208 0.79 0.0146 0.0116 0.0012 0.00512 

Heat No %C %Si %Mn %S %P %Al %N 
Average 1.88 0.211 0.81 0.0148 0.012 0.0011 0.00492 
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Table-5 Chemical compositions of ladle slags for the trial heats 
 
 
 
 
 
 
 
 
 
The average chemical composition of ladle slag for the several normal heats for the same grade 
of steel is shown in table -6 
 

Table-6 Average chemical compositions of ladle slags for several normal heats 
 
 
 
The ladle slag composition shown in Table-5 for the trial heats shows the average Al2O3 is 
7.52%, whereas ladle slag composition shown in Table-6 for the normal heats the average Al2O3   
is 4.97% 
The parameters influence on desulphurization degree are Sulfur partition ,Basicity (B2), content 
of easily reducible oxides ( ERO), proportion of CaO /Al2O3 and Mannesmann's index(MM) [5] 
 
Sulfur partition between slag and metal (Ls) = (S %) /[S%] 
 
(S%)- Sulfur weight percent in the slag 
[S%] - Sulfur weight percent in the steel 
 
Mannesmann index, which characterizes the ability of slag to purify steel from Sulphur and non-
metallic oxide inclusions and which is defined according to formula M= (CaO/SiO2)/(Al2O3 ) 
           
Slag Basicity: B2= (CaO)/( SiO2) 
Easily reducible oxides (ERO) = (FeO)+ (MnO) 
Calcium-aluminum ratio C/A = (CaO)/ Al2O3 

 
Table-7   Slag parameters for normal and trial heats 

Slag Parameters Ls B2 MM C/A ERO 
Average of Trial Heats 4.59 1.57 0.23 6.55 4.95 

Average of Normal Heats 3.85 1.67 0.34 10.23 5.74 
 
Comparison of slag parameter such as Sulfur partition (Ls), Basicity (B2), Mannesmann index 
(MM), C/A ratio, easily reducible oxides (ERO) for the trial and normal heats are shown in 
Table-7.  The normal heats having lower sulfur partition and higher Basicity (B2), Mannesmann 
index (MM), C/A ratio, easily reducible oxides (ERO) compare to trial heats. 
 
 

Heat No FeO CaO SiO2 Al2O3 MgO MnO S 
Heat-1 2.30 50.04 28.81 8.01 7.82 2.36 0.059 
Heat-2 2.43 51.23 28.53 7.39 7.28 2.37 0.100 
Heat-3 1.17 43.22 31.96 7.05 9.76 5.67 0.04 
Heat-4 1.64 51.6 28.66 6.78 8.07 2.40 0.080 
Heat-5 1.23 48.83 28.00 8.35 8.76 3.19 0.059 

Average 1.75 48.99 29.19 7.52 8.34 3.2 0.067 

Heat No FeO CaO SiO2 Al2O3 MgO MnO S 
Average 1.8 50.6 30.17 4.97 7.78 3.88 0.057 
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Figure-1 Comparison of Slag parameters for trial and normal heats 

The normal heats have 16% lower Sulfur partition (Ls), 6% higher Basicity (B2), 32% higher in 
Mannesmann index (MM), 36% higher C/A ratio and 14% higher in easily reducible oxides 
(ERO) than the trial heats.  

SEM analysis of ladle slag

Ladle slag samples from trial and normal heats were analyzed in an SEM, coupled with energy 
dispersive X-Ray (EDX) for chemical composition determination. The samples were mounted 
and polished for SEM analysis to identify the different phases .To avoid charging of the samples 
during analysis, the samples were coated with gold on a sputter for 30 seconds.[6] Based on the 
SEM analysis, shown in Figure-2, the two distinctive phases (A1 and A2) were found in the trial 
heats slag. Figure-3 shows two distinctive phases (A1 and A2) found in the normal heats slag 
samples 

Figure-2 EDX ladle slag for Trial heat. Figure-3 EDX ladle slag for Normal heat
  Figure-2 SEM analysis for Trial heat slag   Figure-3 SEM analysis for normal heat slag 

FiFiFFFiFiFiFiFiFigugugugugugurereerererereeeereee----------222222222222 EDEDEEDEDEDEDEDEDEDEDEDXXXXXXXXXXX XX lalallalalalalalalaladldlddldldldldldldd ee slslslslslslslslslslslsss agagagagagagagagagagaagaggag fffffffffffffforororororororororororor TTTTTTT iiiiiriri lllllalal hhhhhhheaeattttttt.
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Table-8 EDX analysis of trial heat ladle slag 

 
EDX analysis results of trial heat ladle slag shown in Table-8 A1 having Ca (23.7%), Al 
(12.34%), and Si (13.48%). Whereas A2 having Ca (32.48%), Si (16.84%) and Mg (6.24%). 
                   

Table-9 EDX analysis of Normal heat ladle slag 

 
EDX analysis results of normal heat ladle slag shown in Table-9. A2 having Al (4.38%), Ca 
(18.84 %), Si (17.6%) and Mg (7.6%). Whereas A1 having Ca (18.84%), Si (17.6%) and Mg 
(6.8%). 
EDX analysis result shows trial heat slag in Table-8 having phase with higher alumina compare 
with normal heat slag shown in Table-9. 
 

Inclusions analysis 
A scanning electron microscope (SEM) with automated feature analysis was utilized to evaluate 
the inclusions in lollypop samples after ladle processing, for the trial and normal heats. The SEM 
inclusion analysis was performed using a Quanta 200SEM, coupled with Oxford energy 
dispersive X-ray (EDX), with inclusion classifier (INCAF 250). In this mode, predefined areas 
were scanned and every inclusion larger than 1μm was detected and quantified [7]. The location 
of each inclusion, size, area, composition, and its classification was recorded. Each inclusion was 
classified based on its composition. An area of 30mm2, containing 122 scan fields, were 
analyzed in each sample, at a magnification of 500X. The elements monitored during the SEM 
analysis included Manganese, Aluminum, Silicon, Sulfur, Calcium, and Magnesium.  
 
The inclusion analysis shows in Table- 10 give the complete picture of number of inclusion 
present, type of inclusion present  and area of inclusions for the normal heat samples. 
  

Table-10 Inclusion statistics of  Normal heats 
Total Inclusions SiO2 Mn-Si-Al Mn-Si MnS % Area 

1780 9 432 121 1212 0.055 
 
The inclusion found in normal heat samples shown in Table -10 having total inclusion 1780 
numbers, SiO2 inclusions  9 numbers, Mn-Si-Al inclusions 432 numbers, Mn-Si inclusions 121 
numbers, MnS inclusions 1212 numbers and percentage area of inclusions 0.055%.  
 
The majority of inclusion shown in Table-10 are sulphide inclusions (MnS). MnS of type-1 is 
formed in semi- killed steel, where the oxygen content of the liquid steel is high (20 to 50ppm) 
and Sulphur solubility low, resulting in a precipitation of sulphide is parallel to the de oxidation 
process and Sulphur and oxygen are precipitated at the same time from the liquid steel. The 
resulting inclusions are either a results of primary precipitation of both sulphide and oxides from 
the liquid steel in duplex or Sulphur and oxygen rich silicate melt is formed. The duplex 

Spectrum O Mg Al Si Ca Mn Fe 

A1 43.85 1.63 12.34 13.48 23.7 3.13 1.87 

A2 42.29 6.24 0.96 16.84 32.48 0.85 0.35 

Spectrum O Mg Al Si Ca Mn Fe 

A1 42.9 6.8 0.09 17.2 32.5 1.12 0.6 

A2 43.87 7.6 4.38 17.6 18.84 6.71 1.9 
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inclusions of sulphide and silicate, the silicate phase deforms more readily than the sulphide 
phase. The duplex MnS inclusions with oxides are not as plastically deformed as monophase 
sulphide inclusions. [8]. Generally, sulphur improves machinability in steel. However, the 
presence of sulphur also produces deleterious effects on some service properties such as 
forgeability, ductility, toughness, weldability and corrosion resistance. It is known that solid 
solubility of sulphur in iron (Fe-S system) at temperatures below 769°C is very low. [8]  
  
  
Ternary plot shown in figure 4 uses the composition of inclusions after LF process. Each dot in 
ternary plot represents one inclusion regardless of the size 
 

 
Figure -4 Ternary plot of inclusion LF out sample for one of the normal heat 

 
The Phases observed in MnO-SiO2-Al2O3  system are Cristobalite and Tridymite(SiO2), 
Mullite(3Al2O3.2SiO2), Corundum( Al2O3), Rhodonite (MnO.SiO2), Tephroite( (2 MnO.SiO2), 
Spessartite(3MnO.Al2O3.3SiO2), Mn-cordierite(2Mn.2Al2O3.5SiO2 ) [8] 
 
The inclusion analysis result in Figure-4 shows inclusions present in MnO-SiO2-Al2O3 system 
are mostly Spessartite(3MnO.Al2O3.3SiO2), Mn-Cordierite (2Mn.2Al2O3.5SiO2), Tephroite       
(2 MnO.SiO2) and few Cristobalite (SiO2). Corundum (Al2O3) and Cristobalite (SiO2) are the 
sold inclusions can cause clogging at caster also causes surface defects in the final rolled steel 
 
The inclusion analysis shows in Table- 11 give the complet picture of number of inclusion 
present, type of inclusion presents and area of inclusions for the trial heat samples. 
 

Table-11 Inclusion statistics of  Trial  heats 

Total Inclusions Mn-Si-Al Mn-Si MnS % Area 
1099 411 30 658 0.027 

 
The inclusion found in trial heat samples shown in Table -11 having total inclusion 1099 
numbers, Mn-Si-Al inclusions 411 numbers, Mn-Si inclusions 30 numbers, MnS inclusions 658 
numbers and percentage area of inclusions 0.027%.  
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 The count of total inclusions and total area of inclusion  of trial heats having lower than the 
normal heats as shown in Table-11. 
 

 
Figure -5 Inclusion analysis for LF out sample for one of the Trial heat 

 
The inclusion analysis result in Figure-5 shows inclusions present in MnO-SiO2-Al2O3         
system are mostly Spessartite(3MnO.Al2O3.3SiO2,) Tephroite (2 MnO.SiO2), which are liquid 
inclusions in steel making and casting temperature. 

 
Conclusions 

 
 Plant trial results showed  that: 

 
1.  Ladle slag from Al- killed steel process could be used in Si- Killed steel process without 

adversely affecting its operation or steel chemistry. 
 

2. Lime consumption reduced by 1.5kg/ton (30-40%), while still having potential to be 
increased further. 

 
3. Trial heats slag having 16% higher Sulfur partition ratio (Ls) ,6% lower Basicity (B1), 

32% lower in Mannesmann index (MM) and 36% lower C/A ratio and 14% lower in 
easily reducible oxides (ERO) compared to normal heats, which indicates more fluid slag, 
with higher desulphurization capacity . 
 

4. SEM-EDX analysis confirm two different phases one with higher Al (12.34%) compare 
with the normal heat having Al (4.38%) 

 
5. Inclusion analysis of ladle sample for trial heats having lower inclusion and liquid 

inclusions compared to normal heats, indicating cleaner steel. 
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Abstract 

A mathematical model using Fluent 14.0 was implemented in order to describe the flow of 
Nitrogen and slag under transient and  isothermal conditions in the slag splashing process for the 
improvement of refractory life. The influence of parameters affecting this process and the 
consequent effects on refractory linings has been investigated applying the model. For a given 
blow pattern, the influence of parameters such as temperature, density, viscosity and interfacial 
tension of the fluids involved have been discussed. The results are compared with projection data 
available in the literature. 

Introduction 

The wear causes of refractory lining of an oxygen converter result from  a combination of 
thermal, chemical and mechanical phenomena occurring inside the reactor. The thermal effects 
are linked to temperature fluctuations and thermal shock, while the degradation of the linings can 
be caused by chemical interactions between the refractory, slag and the gases in the converter.  
Those of mechanical origin are associated with erosion due to scrap charging, liquid movement 
between refractory surface and the metal, oxygen blowing and effect of gas movement at high 
temperatures in the vicinity of the refractory lining. Through wear profile monitoring technique 
of the refractory lining by laser beam, it is possible to obtain a  map of the lining wear profile in 
each region of the converter.. The regions where the liquid steel flows out of the convertor after 
each blow and zone of impact due to scrap charging are the most susceptible to degradation. 
With this knowledge, one can establish a suitable repair strategy for the worn out regions to 
extend the campaign life of the linings of the reactor. Maintenance and repair techniques of 
refractory lining include coating with slag. This is done through slag splashing or gunning 
refractory material towards the damaged  lining. The slag splashing process is characterized by 
projecting chemically reconditioned  molten slag  in the convertor through  nitrogen blowing 
through a lance ,on the hot surface of  the convertor lining(1,2) Many factors affect this 
projection of slag such as converter dimensions, nitrogen blowing rate, height, tilt and shape of 
nitrogen lance, temperature, composition and volume of slag. The duration of this practice is 1 to 
4 minutes and it is possible to maintain the lining for 10,000 converter runs or more. The 
influence of parameters such as trajectory and size distribution of droplets on the slag splashing 
process has been evaluated(3). There is an optimum height of lance and optimal nitrogen flow so 
that the projection rate of slag droplets and the thickness of the slag layer on the refractory lining 
can be optimized (4).As the critical gas flow for ejection of the droplets is independent of lance 
height, the main contributing factor for increased generation of slag droplets is likely to be, 
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change in the surface area of the cavity formed in the impact zone of gas and slag ( 5). The 
generation of drops (Figure 1) by splashing is possible in different ways like generation of 
individual or discrete drops or swarm of drops characterized by production of several drops of 
various sizes (6). The increase in the gas blowing velocity  or reduction of height of the lance for 
gas blowing may cause reduction in the amount of ejected drops of slag (7,8). This can be 
attributed to the increased depth of the cavity generated by the gas jet due to increased dynamic 
pressure of the gaseous jet. These can also cause oscillation and vorticity of the slag. This work 
on  CFD simulation of slag splashing has the objective of evaluating the influence of  physical 
parameters such as slag density and viscosity of slag on projection in the inside walls of the 
converter.  

Figure 1 - Characteristics of liquid phase interaction with a vertical gas jet (8) 

Methodology 

The motion of slag and gas has been described with the aid of Navier-Stokes equations, the
turbulence model along with the volume fraction formulation -VOF (for tracking the position of 
the interface between nitrogen and slag). Where there is presence of more than one fluid phase, 
the VOF formulation is used to express the interactions between the gas and slag. For the 
incompressible and Newtonian fluid flow  the equation of Momentum Conservation can be given 
as: 

(1)

where: ρ = fluid density,  = velocity vector, t = time, g = gravity, p = pressure, = effective 
viscosity of the fluid and F are the other forces. There is a balance between the inertial ( ), 
interfacial ( ), and gravitational forces ( ) when the  droplet breakaway occurs [1,15],  

Fi=  +Fg (2)

The droplet diameter ( ) derived from the balance of forces of (2) is given by: 

(3) 

where is the magnitude of the jet velocity at the impact point and is the surface tension.The 
computation involves the  model with the following equations for conservation of turbulent 
kinetic energy and rate of dissipation of turbulent kinetic energy, respectively: 

= (4)
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+ (5)

Where: K = kinetic energy of turbulence, ε = the rate of dissipation of kinetic energy of 
turbulence;  = velocity component;  = turbulent viscosity;  = coordinate distance; 

 = model constants. The effective viscosity is the sum of molecular (  and turbulent 
(  viscosities : 

(6) 

Where: K = kinetic energy of turbulence, ε = the rate of dissipation kinetic energy of 
turbulence; ρ = fluid density. The location of the liquid slag /nitrogen interface 
is determined by the volume fraction VOF formulation, and the continuity equation for a couple 
of phases is represented by: 

(7) 

where: r = the fraction by volume; ρ = density;  = velocity ;  = a given phase, gas or slag. 
Also the sum of volume fractions  is unitary, ie: 

(8) 

In order to reduce the computational effort, one ¼ of a three-dimensional isothermal converter 
was considered. The Navier-Stokes equations, turbulence model equations and VOF model 
equations were numerically solved using by means of Ansys software – FLUENT. The 
segregated algorithm (pressure based) was used with the implicit scheme linearization. In order 
to obtain a solution more accurate the Second-order Upwind scheme was employed in the 
discretization of the governing equations. PRESTO algorithm was used for the interpolation of 
the pressure values on the faces of the cells using the equation of motion and PISO algorithm to 
obtain pressure-velocity coupling. A tetrahedral mesh composed of 627 535 cells was used for 
this purpose. The maximum processing time for all the simulations was 2 seconds with a 
timestep of 1x10-5seconds. For this analysis the nitrogen jet speed was taken as  520 m·s−1

which is injected downwards through a one hole nozzle with  a diameter of 0.064 m. A lance 
height of 1m above the slag bath and a molten slag depth of 1 m were assumed. Slag kinematic 
viscosities were varied as 16, 23, 40, 200  e 400x10-6 m2.s-1 in the computations. The surface
tension value amounted to  1.54 N·m−1 . Slag densities of 2500 and 3490 kg·m−3 were considered.
Non slipping conditions were assumed at slag walls interfaces. Boundary conditions for k and ε 
at the inlet nozzle is calculated from [11]: and  , where Ugas and Dn

are the inlet nominal velocity and the nozzle diameter respectively.  

Results and discussion 

The results as given by Figures 2 and 3 show erratic behavior in respect of droplets trajectories 
as suggested by an uneven deposition on the walls. This is probably associated with transient and 
unstable behavior at the impact zone of the gas jet on the slag. This type of behavior was also 
observed by other researchers (9,10,11). Figure 2 shows the effect of the density of the slag on 
the projection. Greater the density of the slag lower is the projection rate.  Lower viscosity of the 
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slag leads to increasing depth of penetration of the gas jet and higher projection (9). However, 
more fluid slag tends to run down the wall of the converter, resulting in a fine coating layer on 
the surface of the refractory. The quality of projection (height, number of projected drops and 
thickness of the coating layer) is strongly affected by the viscosity of the slag. High viscosity 
values lead to lower projection rate, which would also require higher temperatures and flow rates 
of nitrogen. So good efficiency of repair requires optimization of composition and temperature of 
the slag and other parameters affecting the process of slag splashing. From an operational point 
of view, the covering of the upper side walls of the converter (regions of the trunnions and the 
upper cone) can be improved by increasing the nitrogen blowing rate and the reduction of the 
slag density. For the operating conditions investigated, the results obtained show that the slag is 
unevenly projected (Figure 3) and increasing the viscosity of the slag decreases the projection 
rate. This behavior is expected , as can be seen  in Figure 4. Studies on slag splashing with a 
physical model have been made(9). Their results show the influence of the blowing pattern (slag 
lance height, blow rate from the bottom, the top blowing rate), lance nozzle geometry, the degree 
of filling of the reactor by residual slag, and the physical properties of the slag on slag projection 
rate. 

 

 Figure 2 ¬ - Projection against the wall using a slag of viscosity of 0.058 Nsm-2 and density of a) 
3490kg.m3 b) 2500 kg. m3 (left) and using a slag of viscosity of 1 N.sm-2 and density of c) 
3490kg.m-3 and d) 2500 kg.m-3  (Right) ; lance to slag distance of 1m, gas velocity of 520m/s; 
according to results of CFD simulation. 

 
Figure 3: Fraction  of slag covering the wall of the converter in time of 2 seconds in the case of  
kinematic viscosities of (a) 23x10-6 m2.s-1;(b) 40x10-6 m2.s-1  ; (left)  (c) 200x10-6 m2.s-1 and d) 
400x10-6 m2.s-1 (Right) ; lance to slag distance of 1m, gas velocity of 520m/s; according to CFD  
simulation  
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Fig. 4 - Effect of kinematic viscosity on slag projection rate, for lance height of 140mm, 170mm 
and 200mm (9) 

From the analysis of the experimental results , using physical modeling, (9) the following  
equation was obtained  for the rate of projection of slag A (g / m2s) as a function of lance height 
h (in mm) and the kinematic viscosity of the slag  (10-6m2 / s) : 

A = - 0.6 - 0.286  + 1.42h - 0.00371h2 +0.000572  -0.000953    (R2 = 0,82)             (7)  

For a given viscosity of the slag, there is a optimum lance height when the slag projection rate is 
maximum. Table 1 shows the specific flow rate of slag as a function of the distance to the slag 
layer and the slag viscosity as  per CFD simulation in this work. The flow is greater in the lower 
region of the converter (slag line) compared with the area of the sleeve and the upper region. 
This result is consistent with the results of other researchers (9). According to the present  work 
on  CFD   simulation of slag splashing, the slag line region receives 66.8% of the projected mass, 
the sleeve receives 29.2% and the upper cone about 3%.  It  can be noted also that the increase of 
the viscosity of the slag decreases the projection rate of the slag line region. 

Table 1:  Slag mass flow in transverse planes of the converter values kg.m-2.s-1; initial lance to 
slag distance of 1m; gas velocity of 520 m/s; according to CFD simulation 

 Distance from slag layer 
Slag viscosity 1m 2m 
0.1 N.s.m-2 0.0621 kgm-2s-1 0.0008 kgm-2s 
1 N.s.m-2 0.0552 kgm-2s-1 0.0008 kgm-2s 

The area of the inner surface of the investigated converter is 126,6m2. According to this work, 
(Figure 5 (a)), the rate of deposition for a slag with viscosity of 23x10-6m2 /s  is close to 1.30 
m2/s. Thus the time required to coat the refractory lining of the reactor would be 93s (1.55 min.).  
To this  duration of this process one should also add a fraction of ¼ to ½ as an incubation period 
(9). The coating time of the converter could be considered greater than 2min. This is consistent 
with operational practice (1), which ranges from 2 to 4 minutes. The  model presented in this 
work enables also to evaluate the quantitative effects of increasing kinematic viscosities on 
decreasing  the area of the coating, as shown in Figure 5 (b) However others have suggested that 
decreasing the viscosity of the slag, while facilitating the projection to higher levels inside the 
reactor,results  in the  thinning of the coating layer, which is detrimental to the repair of the 
refractory . 
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                                  (a)                                                             (b) 

Figure 5 – (a)  Variation of the  covering area  of the walls of the converter by slag ( for 
kinematic viscosity of slag equal to 23x10-6 m2/s; initial lance to slag distance of 1m; gas 
velocity of 520m/s) with time  computed from CFD modeling   (b) Effect of the viscosity of slag 
on the coated area fraction; initial lance to slag distance of 1m; fractional area initially covered 
by slag ~ 0.198; gas velocity of 520m/s . 

This behavior  has also been  observed by other researchers. Accordingly there is need to adjust 
the viscosity of the slag by adding fluxes or other raw materials(9,10). From physical modeling 
results it was concluded that only 46.8% of the amount of slag is effectively used for coating the 
refractory (9). Taking this as a reference, and a 340 ton steel converter with 40 tons of refining 
slag, about 18.7 tons of this slag would be used for the repair. However, it is also reported that 
the amount of slag actually used for the purpose is around 14 tons (1).  To simplify, assuming 
that the thickness of the coating is uniform and the area of the refractory lining of the converter 
126.6m2, the amount of adhered slag would be about 147.70kg / m2. However the results of this 
mathematical modeling showed the heterogeneous nature of the projection of slag drops and, 
consequently, the non-spatial uniformity of the coating. The quality of droplets ejection (number, 
size) depends on the instability of the cavity formed by the impact the gas jet with the slag 
(3,9,13). Results for simulation of temperature profile inside the furnace refractory as well as the 
internal  atmosphere as given by CFX are shown in Figure 6. Refractory thermophysical data for 
this simulation are given on Table 2; a heat flow of 12,000 W/m2  has  assumed in the 
simulations  

                          Table 2: Refractory thermophysical data  for thermal profile simulation 

 Property Refractory 1 Refractory 2 Refractory  3 Refractrory 4 Steel casing Lance 

k [w.m-1.K-1] 5.2 18.84 12.21 5.2 41.87 5.2 

ρ [kg.m-3] 3100 2820 2950 2950 7800 2950 

c [J.kg-1.K-1] 1.046 1.046 1.129 1.129 0.487 1.129 
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Slag coating is given as a combination of droplets ejection and their adhesion to the refractory. 
The latter is influenced by the temperature. A wide temperature distribution is apparent and the 
same is expected from physical properties.  It is possible to observe the formation of cavities 
resulting from the projection of slag, confirming similar conclusions from other authors  like 
Mills et al. (1). The simulated results obtained in the present work are fairly consistent with those 
provided by other authors, and this  also includes data obtained from experimental results. Hence 
the described procedure is a reliable and efficient tool which can help to obtain  better   results in 
the steel industry . Additionally the simulated results can help to clarify  the  refractory material 
behavior and provide an insight into the refractory damage process. The likelihood of efficient 
droplet projection  is influenced by dimensionless numbers  such as Weber (We) and the moment 
(Mn). Higher  values of these lead to higher rate of projection (1) : 

      M                                       (8) 

Where   are the specific mass of slag and gas; area of the gas 
injection orifices; velocity of the gas jet, interfacial tension, acceleration  due gravity and depth 
of the cavity generated by the jet of nitrogen, respectively. The above dimensionless numbers 
enable to quantify the (negative) effects of increasing viscosity and density of slag. These 
negative effects can be counterbalanced by adopting a standard nitrogen blowing pattern with 
optimum height and geometry of the nozzle and gas flow (1,5,9) . With this, one can provide 
additional moment forces, improving the formation of small dense slag droplets, favoring the 
coating of the upper regions of the converter. However, as shown by this simulation the quality  
and uniformity of the coating can be an  issue. The thermal profile of the converter is transient 
and heterogeneous as shown in Figure 6. Slag coating is given as a combination of droplets 
ejection and their adhesion to the refractory and the  latter is influenced by the temperature. The 
dimensionless numbers (We, Mn) given above have a decisive influence on the generation and 
projection of drops of slag. That is to say the physical properties of slag (viscosity, surface 
tension and density), and the rate of solidification of the slag coating are affected by temperature. 
Therefore, it is important to further investigate the effects of the thermal profile in the converter 
on the characteristics of instability of the impact area of the jet of nitrogen and the area covered 
by slag. This has been planned as a future work. With this the effect of temperature profile in the 
converter on the projection height and the adhesion rate of drops of slag can be investigated. The 
impact region of the nitrogen  jet has low temperature ( blue and green regions in Figure 6) as 
nitrogen is blown  at normal ambient temperature  the gas gets heated up later.  

                           Figure 6. CFD Simulation results 
of temperature distribution inside the converter slag during the projection operation (to reduce 
the computational effort, ¼  of a three-dimensional isothermal converter was considered for 
simulation) 
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                                                                    Conclusions 

The efficiency of the slag splashing process requires optimization of blow pattern variables 
suchas gas flow rate and lance to slag distance as well as slag properties dictated by its 
composition. However this simulation weighs the importance of physical properties like 
viscosity, density. The projection rate increases with decreasing viscosity of the slag and with 
decreasing density.These observations are in agreement with the findings  in the actual slag 
splashing process adopted in the industry. The CFD simulation results would be of help in 
optimizing the variables mentioned above in the industrlal slag splashing process for repair of 
refractories. Models such as the one developed in this work are useful to industry since actual data 
regarding physical properties and operational parameters are mostly unknown. This model stresses the 
importance of these  properties for better efficiency of the slag splashing process.     
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Abstract 

Corrosion in refractories in a commercial furnace is a very complex phenomenon which 
involves chemical and physical wear. In this work three refractory castables (A, B and C)
are being characterized and studied to compare their properties and determine their 
corrosion mechanisms in the presence of slag obtained from a steel furnace. The chemical 
composition of the slag consists mainly of CaO, SiO2, alumina and Fe2O3. Using a heating 
microscope, it was determined that the slag starts to melt around 1350 ºC.  The chemical 
composition of the castables consist mainly of alumina (86%, 90% and 92% respectively) 
with a variation in material A which contains 5.8% MgO. Prismatic bars were made and 
sintered at 1400 C to run the hot modulus of rupture at 1000 C. A non-destructive 
technique was used to investigate the Young’s modulus of the specimens before and after 
sintering.  
The corrosion tests were performed at 1400 C in cubic crucibles (8x8 cm) with 50 g of 
slag. 
The investigated castable samples exhibited low values of Young’s Modulus and HMOR. 
The corrosion tests showed a high impact on the castables integrity, which can be seen in 
the multiple cracks and spalling formed after the test.  

1. Introduction

Refractory materials are an important class of ceramics that are utilized in large quantities 
and are important components of the equipment used in the production, refining, and 
handling of metals and glasses, for constructing heat-treating furnaces, and for other high-
temperatures processing equipment.[1, 2] Charles A. Schacht[3] defines refractories as 
materials which are supposed to be resistant to high temperatures and are exposed to 
different degrees of mechanical stress and strain, thermal stress and strain, corrosion from 
solids, liquids and gases, gas diffusion, and mechanical abrasion at various temperatures.  
In alumino-silicate castables systems, calcium aluminate cements are still the principal 
bonding agents. Nevertheless when CaO is present in the refractory composition it reduces 
refractory properties of materials consisting of Al2O3-SiO2 and Al2O3-MgO systems. In 
some studies made by M. R. Ismael et. al. [4] colloidal silica is used as bonding agent and 
it has been reported that it improves mechanical resistance compared with materials 
containing calcium aluminate cements. They also present an important increase in 
mechanical resistance at elevated temperatures (750-1500°C) due to possible formation 
of mullite. During curing and drying is in the matrix where the highest amount of porosity 
is produced, due to the decomposition of the hydrates and liberation of water. To prevent 
explosion sometimes organic fibers are added to allow the exit of water at higher 
velocity.[5] 

In alumina and alumina-silicate based refractory castables, microsilica has become a 
common ingredient. That is because microsilica is known for its positive effect on the 
flowability of the material, the decreasing of its porosity and the formation of mullite at 
very high temperatures. In addition, microsilica has the ability to react and form strong 
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bonds at both relatively low and high temperatures. Nevertheless, it has been shown that 
at temperatures above 1000 °C the silica containing castables softens and loose strength 
probably caused by transfer of lime from the cement of the castable. It can be solved by 
maintaining the microsilica addition above a certain limit (it has been shown in literature 
that the adequate microsilica content is lower that 3% in LCC [6]) and lower the cement 
content. 
Corrosion resistance is one of the most important features of refractory castables, since 
they are commonly exposed to molten liquid oxides. It is caused by mechanisms such as 
dissolution in contact with liquid, penetration of the vapor or liquid in the pores, etc. [3] 
The corrosion process can be defined according to literature as an interaction (which 
involves phenomena of dissolution and precipitation of new crystalline compounds) 
between a solid phase and a fluid phase that has a negative effect to either of the phases. 
[7, 8] This process also leads to the degradation of the material surfaces or grain boundaries, 
as a consequence of chemical attack by a corroding fluid, and to a decrease in the strength 
of the structure. 
Corrosion by liquid oxides is one of the most severe modes of degradations which limit 
the lifetime of the refractory linings. In lining materials in contact with slag during ladle 
refining of steel is usually described in three major categories: dissolution, penetration  
and  erosion. In  literature  it  is  mentioned  that  microstructures  of corroded refractories 
have the following features to be considered before interpreting them: 
 
• They are multi-component and heterogeneous ceramics. 
• The microscopic observations are carried at room temperature and there are certain 
vitreous phases existing at very high temperatures and they evolve once the material starts 
to cool. [7] 
Shaowei Zhang, et. al. [9] studied the dissolution of commercial white fused and tabular 
Al2O3 grains into a model silicate slag. They found that unsaturated slags, with respect to 
Al2O3 dissolved both types of alumina at 1450ºC and 1600ºC. Some layers, such as CA6 
and hercynitic spinel were found at the Al2O3/slag interfaces. Compared with the CA6 
layers the spinel layers were not continuous, and they had no significant effect on the 
dissolution process, although their formation at temperature might have increased the slag 
viscosity in the boundary layer and helped decrease slag penetration. 
Salah A. Abo-El-Enein et. al. [10] performed a research work in which bauxite-based and 
kaolin-based refractory castables were carefully prepared with a binder mixture of 80% 
alumina and MA-spinel either preformed or in situ. The XRD patterns showed that a 
corundum phase and a mullite phase is formed in all of the bauxite-based castable samples. 
In general, the investigated castable samples showed a somewhat decrease in penetration 
by the molten slag and a light increase in corrosion as the spinel content increases. 
 

2. Experimental 
 
Three commercial refractory castables (A, B, C) were selected with the purpose of 
studying their properties and to determine their corrosion mechanisms under the influence 
of slag from a foundry. 
 
2.1 Production of samples 
 
Using the ball-in-hand test it was determined that the required amount of water the 
castables needed was 4.5 wt%. The specimens were fabricated according to the following 
procedure: 
 
• The material is weighed including the correct amount of water. 
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• The mixer was turned on with a paddle attachment for 30 seconds to homogenize 
the mixture. 
• After that time 80% of the water is added to the mixture and then it gets mixed for 
5 minutes at medium velocity. 
• The remaining water is added, and everything gets fold in for 2 minutes. 
• The mixture was casted in the molds with a vibration time of 2 minutes 
• The molds were left to cure for 24 hours and then to dry for 1 hour at 110ºC. 
• The specimens were sintered at 1400ºC with a dwell time of 4 hours. 
 
2.2 Characterization of concretes before mixing 
 
The castable and slag composition was determined using the X Ray Fluorescence 
technique. 
 
2.3 Characterization of concretes after sintering 
 
The Young’s Modulus was obtained at low and high temperatures with a non-destructive 
technique called Resonant Frequency and Damping Analysis (RFDA).[11-14] 
After that procedure the Modulus of Rupture at high temperatures was tested at a 
temperature of 1000ºC. 
 
2.4 Corrosion test 
 
For the test, small cubic bricks (8x8x8cm) were produced for each material and a hole 
with a diameter of 40 mm was drilled in the center. Afterwards, it was filled with 50 g of 
slag. 
The corrosion test was held at a temperature of 1400ºC with a dwell time of 4 hours. 
 

3. Results and discussion 
 
3.1 Chemical composition 
 
The chemical composition of the three castables and the slag is showed in Tables I and II. 
Castables B and C have a very similar chemical composition. Castable A contains a 
slightly different composition with an addition of MgO. 
 
 

Table I. Chemical composition of castables. 
A B C 

Component Percentage Percentage Percentage 

SiO2 5,07 6,42 5,76 
Al2O3 86,96 91,31 91,86 
Fe2O3 0,15 0,11 0,11 
CaO 1,39 1,39 1,50 
MgO 5,85 0,00 0,00 

Na2O 0,41 0,59 0,56 
ZrO2 0,17 0,19 0,21 
Total 100,00 100,00 100,00 
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Table II. Chemical composition of Slag. 
Component Percentage 

SiO2 9,08 

Al2O3 2,52 

Fe2O3 7,93 

TiO2 1,00 
CaO 58,76 

MgO 4,28 

K2O 0,14 

Na2O 0,06 
MnO 0,20 

P2O5 0,08 

ZrO2 0,01 

SO3 14,48 
F 1,41 

Cl 0,03 

SrO 0,02 

Total 100,00 
 
3.2 XRD Results 
 
As can be seen in Figure 1, In all samples Corundum, Ca, and Beta Alumina was found. 
In the castable A, which contains MgO, the spinel phase is present.  No phases containing 
silica were found with this technique. The following hypothesis can be made: the SiO2 
does not react with the Al2O3, and stays in the sample as tridymite or cristoballite, it could 
be possible that the amount is so small, that the peak on the diffractorgramm can not be 
seen. 
 

 
Figure 1. XRD diagrams of castable A (upper left corner), B (upper right corner) and C. 
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3.3 HMOR and RFDA results 
 
 

Table III. HMOR and RFDA Results 
 Dried at 110 ºC Sintered at 1400 ºC 1000 ºC 

Material Young’s Modulus (GPa) Young’s Modulus (GPa) 
HMOR 
(Mpa) 

A 62.075 135.88 15.452 

B 54.086 134.484 17.366 

C 51.59 102.05 13.782 

 
3.4 Corrosion test 
 
 

 
 

 
 
 
 
 
 
 
 
 

Figure 2. Specimens after corrosion test . 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Corroded specimen 
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At the bottom of the refractories (Fig. 3), it can be observed that the phenomenon called 
flux line erosion occurred during the test. 
The high level of spalling observed in the castables may have occurred due to the 
difference of thermal expansion coefficient between the components formed in the slag 
and the original material. 
 

 
Figure 4. SEM image of castable A and composition of matrix after test. 

 

 
Figure 5. SEM image of interface between aggregates and dissolved matrix of castable 

A. 
 
By determining the composition of the crystals in point 1 it was proved that they consisted 
of a glassy phase and CA6 with an impurity of iron oxide. It was possible to identify a 
complete dissolution of the refractory matrix and some micro-cracks in the aggregates. It 
can also be observed a superficial dissolution of the aggregates that may have been 
stopped by the formation of calcium hexaluminate, since in the literature it has been 
mentioned that the formation of CA6 layers can stop the slag from infiltrating the material.  
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Figure 6. SEM image of interface between dissolved matrix and aggregates of castable  

B. 
 

 

 
Figure 7. SEM image of castable C 

 
In castables B and C it was observed the same behavior as in castable A, regarding the 
formation of a glassy phase and calcium hexaluminate. The SEM images also show the 
precipitation of a phase that could be ghelenite. 
 
3.5 Mechanism of corrosion-erosion wear 
 
1. As mentioned in literature [7] four main regions were found in the refractory: the slag 
zone, the precipitation zone, the penetration zone and the refractory zone. The slag 
infiltrates the castables through the pores and cracks formed right after sintering 
dissolving the matrix producing a liquid solution, which can be defined as homogenoeus, 
rich in silica, calcia and alumina. 
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2. During cooling, due to the difference of thermal expansion coefficient between the 
slag-matrix solution and the undamaged refractory, several cracks and spalling are formed 
causing the destruction of the crucibles. 
3.During cooling, as said in literature [7] the precipitation zone is formed by a succession 
of monomineral layers (calcium hexaaluminate) of crystals surrounded by glass. CA6 

precipitates from the slag-matrix solution preventing further penetration of the slag 
according to literature. 

 
4. Conclusions 

 
Even when all materials showed low values of Young’s moduli and HMOR, materials A 
and B showed better mechanical properties at high temperatures than material C. In the 
case of castable A it could be due to the presence of preformed spinel in the mixture. 
The post-mortem analysis of the specimens that were submitted to the corrosion test 
showed that their behavior was very similar in the three cases. All of them were 
completely destroyed with a high amount of spalling which could be caused by the 
difference of thermal expansion coefficient between the slag and the refractories. 
It is suggested that the slag penetrated the castable through the pores and cracks formed 
during cooling right after sintering, dissolving the matrix and infiltrated to the aggregates 
with micro-cracks. The SEM analysis in all three cases showed the formation of calcium 
hexaluminate and a glassy phase rich in alumina, silica and calcia. Which lead us to infere 
that there was a liquid solution at 1400 ºC. 
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Abstract 

Recovering iron from bauxite residue (red mud) by carbothermic reduction creates, depending on 
the composition of bauxite, slag phases with high amounts of alumina and titania which are 
commonly known as amphoteric slag components. In this case the prediction of slag properties 
and even the calculation of basicity are very difficult since the slag consists of about 50 wt.-%
amphoteric components. As a consequence the correct choice of refractory materials has to be 
taken into consideration as well. In this study synthetic slags similar to the compositions which 
occur during the reductive smelting of bauxite residue are mixed and melted. By the addition of 
CaO and Na2O and SiO2 the basicity is constantly adjusted to 1 [(CaO+Na2O)/SiO2] to monitor 
the influence of the addition of amphoteric compounds regarding the viscosity and refractory 
corrosion. In advance thermodynamic calculations concerning the liquidus temperature and 
viscosity of the examined slag are done by the software FactSage (vers. 6.4). The molten slags 
are qualitatively examined regarding the viscosity and later on exposed to three different types of 
refractory materials (MgO, Al2O3, mullite) in order to observe the refractory corrosion and 
infiltration behavior.  

Introduction 

Most commonly pyrometallurgically treated raw materials, minerals and ores are selected 
regarding their content of targeted metal and their gangue which will contribute to the 
composition of slag phase later on. Silica is a major compound of many minerals and therefore 
most widely spread are silica based slags like calcium silicate slag in ferrous metallurgy or 
fayalite slags in non-ferrous metallurgy. But in case of aluminum production, the hydro-
metallurgical Bayer process is used with its special requirements of aluminum hydroxide rich 
and low silica containing feedstock. As a result the content of acidic acting silica is very low 
depending on the origin of the ore. Tropical bauxites which are preferred due to their low silica 
content and high content of easy digestible Al(OH)3 phases usually contain less than 5 wt.-%
SiO2. In contrast karst bauxites from i.e. Europe, US or Australia contain up to 10 wt.-% SiO2.
[1] The typical range of composition for bauxite ores is given in Table . [2–4] After the Bayer 
process and the extraction of aluminum hydroxide, the bauxite residue varies in its composition 
which is also shown in Table . Today’s common practice is the disposal of bauxite residue due to 
its high alkaline content. But the high amount of iron oxide offers potential for the production of 
iron. 
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Table I. Range of compositions of bauxite and the intermediates bauxite residue and slag after iron reduction 
in wt.-% Al2O3 Fe2O3 SiO2 TiO2 CaO Na2O 
Bauxite 40-60 10-20 2-10 1-3 (up to 10) < 2 n.a. 
Bauxite Residue 10-20 30-60 5-15 5-20 5-12 5-10 
After Iron Reduction 30-50 0-1 20-30 10-30 10-15 5-10 
 
With the intention to use bauxite residue as raw material for winning of iron via carbothermic 
smelting, two problems arise: What is actually the basicity of the generated slag and which 
refractory material can be used to treat this slag? 
Usually basicity is an empiric indicator defined according to equation 1 as the ratio of network 
depolymerizing basic oxides like alkaline and divalent alkaline metal oxide (Na2O, CaO, MgO, 
etc.) and network forming acidic oxides like SiO2 or P2O5. [5] 
 

B= xi(basic oxides)n
i=1

xi(acidic oxides)n
i=1

      (1) 

xi: wt.-% of oxide component 
 
Background is the structure of molten slags. Silica tends to polymerization and forms three-
dimensional networks of corner linked tetrahedral units by bridging oxygens between the silicon 
cations. Basic oxides dissociate into metal cations and oxygen anions. Thus the addition of basic 
oxides provides free oxygen to the network which can be integrated in the structure by breaking 
the Si-O-Si bonds of the bridging oxygen and creating Si-O and O-Si endings of now non-
bridging oxygens. As a result the degree of polymerization of the network decreases and the ratio 
of depolymerizing and polymerizing components is a rough indicator for the degree of 
polymerization in the liquid slag which strongly affects the viscosity of the melt. [6–8] 
Table 1 also gives the expected slag composition after the carbothermic reduction of bauxite 
residue. The calculation of B according to equation 1 gives values of 0.75-1, a slightly acidic or 
even neutral slag after the iron reduction. But the acidic and basic oxides constitute to just 50 % 
of the overall slag composition. The remaining 50 % are alumina and titania which must not be 
neglected. These oxides are amphoteric oxides which means that they can either act as acidic or 
as basic oxides depending on the concentration of free oxygen, thus depending on the basicity of 
the matrix. 
The acidic behavior of alumina is commonly explained by its ability to form tetrahedral units of 
[AlO4]

5- polyanions which fit perfectly in the network of [SiO4]
4- tetrahedrons. In order to 

compensate the charge balance in case of fivefold negatively charged alumino tetrahedrons, 
dissociated basic metal cations position themselves in proximity to the alumino tetrahedrons. But 
with increasing aluminum addition the network becomes instable and aluminum arranges in a 
sixfold octahedral structure which disturbs the network, breaks the network and reduces the 
viscosity. [6,9,10] 
The effect of titania addition is commonly described as network modifying influence in calcium 
silicate slags. The amount of O2- -ions is increased with increasing titania addition and as a 
consequence the viscosity generally lowered. But at higher titania amounts of more than 10 wt.-
% the effect becomes less significant. In alumina bearing calcium silicate slags titania addition 
affects the depolymerization of the silica network without changing the aluminate order. [6, 11- 
12] 
In literature many different authors made attempts to calculate the viscosity of several slag 
systems. One of the most famous viscosity models was created by Urbain and uses the Weymann 
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relationship (equation 2) and was made for ternary systems SiO2-Al2O3-MO with MgO, CaO or 
MnO as basic oxide MO. The examined range of concentration (in weight %) is roughly 30-60 % 
SiO2, 10-40% Al2O3, 7-40% CaO that means rather high silica containing slags: 
 

η=AW∙T∙e(EW
RT )      (2) 

 
Thereby all oxides are divided into three groups: network former (Si4+, Ge4+, P5+), modifier (Na+, 
K+, Ca2+, Mg2+, Fe2+, Cr3+, Ti4+) und and amphoterics (Al3+, Fe3+) and the basicity B is calculated 
as follows:   
 

ln AW =-m∙B-n     (3) 
 

EW=1000∙B      (4) 
 

B=B +B1∙X+B2∙X2+B3∙X3     (5) 
 

Bi=ai+bi∙β+ci∙β
2    , i = 0,1,2,3    (6) 

 

β= xi(modifier)n
i=1

xi(modifier)n
i=1 + xi(amphoteric)n

i=1
    (7) 

X: molefraction of network former; xi: mole fraction of component i; ai, bi, ci are empirical constants  
 
Kondratiev [13] adapted this model to the SiO2-Al2O3-FeO-CaO system of coal ashes and 
calculated new parameters ai, bi, ci and adapts the range of composition to 40-60 % SiO2, 20-40 
% Al2O3, 0-25 % CaO, 0-40 % FeO (as substitution for CaO), which means a silicon aluminate 
slag and is comparable to the red mud composition. 
Another viscosity model was developed by Riboud and tailored for continuous casting powders 
of the SiO2-Al2O3-CaO-CaF2-Na2O system. But it was found out that it works also well for other 
slags systems due to the similar character of MnO, MgO and FeO to CaO but it fails in cases like 
CaO-Fe2O3-SiO2 and FenO-MnO-SiO2 [14]. Thereby the slag components are divided into five 
groups: SiO2-group (SiO2+P2O5+TiO2+ZrO2), CaO-group (CaO+MgO+FeO), Na2O-group 
(Na2O+K2O), CaF2 and Al2O3, which is treated as an acidic component. The studied range of slag 
compositions is 30-50 % SiO2, 7-45 % CaO, 0-12 % Al2O3, 0-22 % Na2O, 0-18 % CaF2. 
 
Another famous model is made by Iida [15] and later been adapted by Xu [16] to the CaO-
Al2O3-MgO-system. The range of compositions varies from 35-50 % SiO2, 10-20 % Al2O3 and 
25-50 % CaO (1-20 % MgO, respectively) 
 

Calculations with FactSage 
 
In order to represent the red mud slag system after the reduction of iron as good as possible the 
basic requirements are a fixed basicity of 1 created by the main constituents SiO2, CaO and Na2O 
with the ratio of 2:1:1. Then the addition of alumina and titania is calculated in the appropriate 
phase diagrams to understand the process temperature (affected by the liquidus temperature of 
the system) and the phases which precipitate at first. It was find out that an alumina content of 
more than 60 wt.-% will set the liquidus temperature to values higher than 1600 °C which is not 

1065



useful for experimental verification and later on in the process. Therefore the addition of alumina 
is in this study limited to 50 wt.-% of the mixture. In case of the quaternary system TiO2-SiO2-
CaO-Na2O the liquidus temperature is moderate up to 70 wt.-% titania content. But a miscibility 
gap occurs at about 45 wt.-% titania and the considered range is therefore limited to 30 wt.-% 
TiO2 content. 
The calculated viscosities for both systems are shown in figure 1. FactSage© predicts in case of 
alumina addition a significant increase of the viscosity up to 30 wt.-% Al2O3. At higher alumina 
concentrations, the viscosity decreases again. In case of rising titania content, the viscosity 
continuously decreases, indicating that FactSage© treats titania as a basic, depolymerizing 
compound. It is remarkable that the viscosity is independent from the calculated liquidus 
temperature and thus independently treated from the superheat of the melt, explicitly shown by 
the plotted slag liquidus temperature in the viscosity diagrams of figure 1.  
 

  
Figure 1. With FactSage© calculated course of viscosity dependent on the alumina content (left) and the 
titania content (right) of a CaO-Na2O-SiO2 slag (wt.- ratio 50/25/25) at different temperatures 
 
For comparison also the introduced viscosity models are applied on the slag system at a 
temperature of 1550 °C and the results are shown in figure 2. Urbain’s, Ribout’s and Iida’s 
models are created for slags with considerable higher silica contents and therefore the predicted 
viscosities are generally far too low. Only Kondratiev’s modified model from Urbain predicts 
almost the same course of viscosity with increasing alumina content. The case of titania is more 
difficult since many models do not tolerate titania (Kondratiev) or only in low contents of << 5 
wt.-% (Riboud, Iida). Thus only the Urbain’s model, which is valid up to ~ 10 wt.-% TiO2, gives 
the right tendency of decreasing viscosity with increasing titania content. 
 

  
Figure 2. Calculated viscosities dependent on the alumina content (left) and the titania content (right) of a 
CaO-Na2O-SiO2 slag (wt.- ratio 50/25/25) using different viscosity models 
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Experimental studies 

In order to confirm the tendency and test the basicity experiments with synthetic slag mixtures 
experiments have been conducted in an induction furnace, which is shown in figure 3. An 
aluminum crucible or graphite crucible with chromium corundum ramming mass inlet and an 
operation volume of 400 ml is used. The temperature is controlled by a type B thermocouple in 
an alumina sheath. For viscosity measurements a graphite shaft of 12 mm diameter and a 
flattened tip of 40 mm length is used. The revolutions per minute in idle mode are optically 
(contactless) measured. After melting of the blended raw material powders (purity Na2CO3, 
TiO2, Al2O3, CaO > 99.5 %) the tip of the shaft is completely introduced in the melt and the 
decrease of the rotational speed due to the friction in the melt is recorded. The induction furnace 
is shut off for the duration of the measurement. After the viscosity measurement, four different 
types of refractory bricks [pure alumina, pure electro-fused alumina, mullite (71 wt.-% Al2O3, 27 
wt.-% SiO2) and pure MgO] are inserted in the melt for 60 min as shown in figure 3 (right side). 
The furnace is poured with argon during all experiments. 

             
Figure 3. Experimental setup schematic for viscosity measurement (left) and picture of refractory test (right) 
 
The induction furnace is switched on for this holding time and the induced bath convection leads 
to an increased refractory stress. All experiments are conducted at 1600 °C. The examined slag 
compositions and measured declines in rotation speed are shown in table 2. 
 
Table II. Slag composition of experiments and decrease of rotation speed during dipping in melt (Δ rpm) 

in wt.-% Al2O3 SiO2 CaO Na2O Δ rpm 
1 0 50 25 25 20 
2 10 45 22.5 22.5 24 
3 20 40 20 20 26 
4 30 35 17.5 17.5 30 
5 40 30 15 15 n.a. 
 
In becomes obvious that the assumption of an increase in viscosity with higher amounts of 
alumina can be verified by the experiments. Although the viscosity apparatus is not calibrated, 
the qualitative evidence of the acidic and thus network forming acting of alumina in calcium 
sodium silicate slags of basicity of 1 can be provided. 
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The attack on the tested refractories is moderate. The MgO brick is completely infiltrated, partly 
in combination with a substantially loss of physical strength, but it is not dissolved. Thus it can 
be assumed that the basicity of the slag is neutral till slightly basic. All alumina bricks are 
infiltrated. The sintered alumina brick is even partly dissolved but the electro-fused alumina 
brick is though slightly infiltrated still rigid and without any superficial erosion. It is surprising to 
see, that the cheapest brick, the Al2O3/SiO2 brick, still perform satisfactory. After 60 min the 
brick is slightly dissolved at it edges but only slightly infiltrated.  

Conclusion 
It has been shown that the addition of alumina to neutral (basicity=1) CaO-Na2O-SiO2 slags, as 
they appear in reductive smelting processes of red mud, increases the viscosity up to a Al2O3 
content of about 30 wt.-%. Beside FactSage© even the viscosity model from Kondratiev 
suggests a similar course of slag viscosity with increasing alumina content. At higher contents of 
> 60 wt.-% the liquidus temperature increases dramatically due to the formation of corundum. 
The effect of titania is not experimentally verified yet but literature and all viscosity models 
show clearly a decrease of viscosity in case of rising titania concentrations, assigning titania a 
role as network modifier which depolymerizes the silicate structures. 
Especially electro-fused corundum withstands this slag system. But even low cost mullite brick 
erodes slowly. The magnesia brick was infiltrated but not dissolved, indicating that the slag has a 
neutral till slightly basic character. 
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Abstract 

The molten oxides (slag), matte and metal charges during smelting, converting and refining stages 
of the pyrometallurgical coppermaking processes are contained in refractory-lined vessels. The 
refractory materials are selected so as to provide resistance to corrosion by molten phases and 
thermal insulation to minimize heat losses while maintaining the charge in a molten state. 
However, high process temperature, highly agitated and chemically aggressive melts in furnaces 
can result in rapid degradation of the refractory and premature shutdown of the reactor for relining; 
imposing additional costs on processes in the form of planned and unplanned maintenance.  
The focus of the present study is on detailed characterization of the phase chemistry and slag 
interactions with refractories. The rate of reactions between refractories and liquids depends on 
the phase equilibria. Post-mortem analysis of the spent brick from Isa smelter was followed by 
isothermal finger laboratory test under controlled conditions. Electron probe X-ray microanalysis 
(EPMA) is used to measure the compositions of the phases across the samples.  This information 
is linked to the phase equilibria. Thermodynamic modelling is carried out by FactSage to assist in 
interpretation of the results.  
Phase analysis of used refractory and laboratory tests for Isa smelter indicate formation of a 
protective spinel layer on the hot face slowing refractory dissolution.  

Introduction 

Most pyrometallurgical coppermaking processes involve smelting and converting stages. Isa and 
flash smelters are primarily used for the smelting stage, forming two different liquid phases i.e. 
copper matte and slag. The ISASMELT reactor is primarily used for lead and copper-containing 
materials [1]. The furnace consists of a top submerged lance (TSL), and a refractory-lined vessels 
in the shape of a vertical cylinder. Refractory materials are selected so as to provide (1) high 
resistance to abrasion effects due to the strong bath convection, corrosion and chemical attacks by 
the low viscosity slag phase and (2) thermal insulation to minimize heat losses to the surroundings. 
However, high process temperature and highly agitated bath in both ISA and Pierce-Smith 
furnaces may give rise to rapid degradation of the refractory and premature shutdown of the reactor 
for relining; imposing additional costs on processes in the form of planned and unplanned 
maintenance [2].  
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The rate of refractory degradation is a function of several variables such as liquid bath temperature, 
chemical composition on of the liquid bath, liquid properties (density, viscosity, and diffusivity) 
and degree of bath agitation. The infiltration of the liquid slag/matte phases into the brick occurs 
through the in-the matrix-brick pores acting as channels speed up the chemical degradation of the 
brick [3, 4]. Therefore, firstly minimization of porosity in the prefabricated brick is of significance 
to decrease infiltration depth of low viscosity liquid into refractory. Secondly, formation of a 
protective solid phase layer on the interface between refractory and molten slag may slow down 
the process of slag infiltration into the brick [5-7]. In the current study, the effects of slag chemistry 
on the formation of the protective layer has been investigated through carrying out the post-mortem 
analysis of the used brick, measurements of as received well-quenched slag samples and 
isothermal laboratory finger tests samples. 

Methodology of analysis and experiment 

Isa smelter fresh brick and the spent one from in-contact-with-slag area were sectioned, mounted 
in epoxy resin, and polished for metallographic examination and microanalysis. Electron probe X-
ray micro analysis (EPMA) was used to characterize microstructures and to measure the phase 
chemistry. An electron-probe X-ray microanalyzer, Superprobe JEOL (a trademark of Japan 
Electron Optics Ltd., Tokyo) 8200L EPMA equipped with five wavelength dispersive X-ray 
detectors was used to determine the phase compositions.  
Isothermal laboratory experiment was performed using static finger test (see Figure 1). 2 kg of as-
received industrial slag from Isa smelter was placed in MgO crucible using an electric furnace 
until a temperature of 1170 ˚C was reached. The preheated refractory finger was partially 
immersed into the liquid slag bath for 6 hours. After designated time the sample was pulled out of 
the bath and quenched in water. The sections were prepared similar to spent brick and then 
analyzed. 

Figure 1. Apparatus of the Iso-thermal refractory test for Isa smelter and PS convertor brick at 
1170 ˚C and immersion time: 6h, (b) refractory finger after the test 

1072



Result 

Characterization of fresh Isa smelter smelting brick  

The microstructure of a direct-bonded magnesia-chromite bricks (see Figure 2) is made up of large 
fused grains (periclase plus secondary chromite, 2-4mm), primary chromite (0.5-2mm), secondary 
chromite, monticellite, and pores. The bulk and the compositions of the phases are shown in Table 
1. The periclase phase is highly rich in MgO (≈ 97 wt pct) and has relatively low iron content (2 
wt pct).Compared to the primary chromite [(Fe, Mg, Ca)O.(Cr, Fe, Al, As)2O3] the secondary 
chromite phase has higher FeO and lower Cr2O3. Primary and secondary chromite phases also have 
different morphologies. The latter is observed either on the edge of the periclase sub-grains or 
inside the periclase sub-grains. The source of silica and lime in the starting materials leads to 
formation of forsterite and monticellite phases during the brick production process. Monticellite 
phase (CaMgSiO4, belongs to the olivine crystal group) has a plate-shaped morphology formed 
around the primary chromite phase. 

Figure 2: Back-scatter microstructures of (a) Isa smelter fresh brick (direct bond) from smelting 
area. Fused periclase (P), primary chromite (PC), secondary chromite (SC), monticellite (M). 

Table 1: Chemical composition of phases in Isa smelter fresh brick using EPMA. 

wt pct Cu2O **FeO S  
SiO2 CaO Al2O3

MgO   Cr2O3 As2O3

*Bulk 
composition

0.0 12.8 0.0 0.9 0.8 8.1 50.9 26.4 0.0

Periclase 0.0 2.0 0.0 0.0 0.0 0.1 96.8 0.0 0.9
Primary 

Chromite
0.0 9.7 0.0 0.0 0.1 11.8 18.9 59.4 0.1

Secondary 
Chromite

0.1 28.1 0.0 0.1 0.2 10.0 20.6 40.5 0.2

Monticellite 0.0 0.9 0.0 38.5 34.5 0.2 25.5 0.4 0.2
* Bulk composition is taken from the refractory supplier datasheet. 
** Iron was calculated as FeO 

Used ISA Slag Brick 

The back-scattered image (see Figure 3) illustrates the formation of several microstructural types 
starting from hot face; the reaction zone, infiltration zone and unaffected zone. The reaction zone 
delineates the boundary between the brick and the liquid slag phase. This layer is approximately 
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1mm thick starting from the hot face towards the slag/brick interface. The main phases formed in 
the slag/refractory reaction zone are the spinel phase, entrapped liquid and metallic copper. In 
addition, entrapped primary chromite from the brick (0.6 mm away from the hot face) is observed 
in this section. 
The infiltration zone consists of original brick phases, infiltrated slag and newly formed solid 
phases. The infiltration depth seems to be relatively shallow (3 mm). The liquid slag infiltrated 
into the brick through the pores and cracks and the new phases such as spinel, and forsterite formed 
within the zone. Newly formed forsterite is a solid solution phase [2(Fe, Mg)O.SiO2] crystallized 
due to the chemical reaction between the slag phase (Iron oxide and silica) and MgO from the 
periclase matrix. The microstructure of the brick in the unaffected zone is very similar to the fresh 
brick; no liquid slag or newly formed phases were observed on this zone. 

Figure 3.  Back-scatter microstructures of Isa smelter-used brick taken from slag/matte area. Fused 
grain (FG), primary chromite (PC), spinel (Sp), and forsterite (F). 

Isothermal laboratory experiment brick 

Similar to the Isa spent brick microstructure, protective layer of spinel in the reaction zone, 
infiltration zone (newly formed forsterite and spinel) and unreacted (or unaffected) zone were 
observed (see Figure 4).  

Figure 4: Back-scatter microstructure of (a) laboratory experiments with Isa slag and brick at 
1170 ˚C, and 6h immersion. Primary chromite (PC), forsterite (F), liquid slag (LS), fused grain 
(FG), and spinel (Sp) 

Discussions 
In spent brick and also laboratory test brick, the spinel phase was formed on the slag/refractory 
interface as a result of the interaction between refractory components (primary chromite and 
periclase) and slag phase. The spinel phase seems to separate molten slag from refractory phases 
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slowing down further reaction (degradation) between brick and aggressive slag. Formation of 
forsterite in the infiltrated area seems to block open liquid channels, thus decreasing the dissolution 
rates and the infiltration rates of the slag phase into the brick.  
Figure 5 shows the Fe/SiO2 as a function of MgO in well-quenched bulk slag phases from the Isa 
smelter, the bulk samples from before and after the laboratory experiment, as well as 
thermodynamic model prediction with FactSage [8] for the given conditions. Fe/SiO2 in bulk slag 
samples indicates that the slag phase is located on the spinel side as a primary phase crystals with 
MgO concentration between 1 to 1.5 wt pct in the bulk liquid slag. This is consistent with the 
formation of spinel in the reactive layer of Isa spent brick (see Figure 3).
For laboratory tests, the slag composition moved to the olivine and spinel sides since the bulk 
liquid phase was saturated with MgO (2.7 wt pct) due to carrying out the isothermal experiment in 
the MgO crucible. This is also consistent with the microstructural observations (see Figure 4).
The results from post-mortem analysis and the laboratory test indicate the significant effect of slag 
chemistry on refractory degradation. To increase the service life of the reactor it seems that fluxing 
recipe should be set in a way to encourage formation of spinel on the hot face of the refractory. 
This may slow down the dissolution of the refractory into the aggressive slag. 

Figure 5: Fe/SiO2 as a function of MgO in bulk slag phases of laboratory experiment, plant 
samples and thermodynamics calculation by FactSage [8]. Liquid (L), spinel (Sp), olivine (O), 
pyroxene (P) and tridymite (T). 

Summary 

Post-mortem analysis of the spent brick, isothermal laboratory tests along with analysis of the well-
quenched slag samples from smelter were undertaken to characterize the effects of slag 
composition and process temperature on slag-refractory interactions. The results were related to 
the slag-refractory phase chemistry.  
Phase analysis of used refractory and refractory after laboratory test indicated that spinel, and 
forsterite phases are formed due to the interaction between slag and refractory material. These 
solid phases block the pores in refractory leading to slowing down the refractory dissolution. This 
is indirect dissolution process; desired type of the refractory/slag interactions. It seems that service 
life of the reactor may be longer if the slag composition is moved into the primary phase field that 
can be formed from the refractory and slag material into spinel, or olivine phase fields. 

1075



 
 

References 
 
1. W.G. Davenport, et al., Extractive Metallurgy of Copper, Elsevier Science Ltd. (2002) 
2. A. Fallah-Mehrjardi, P.C. Hayes, and E. Jak, "Investigation of freeze linings in copper 

containing clag cystems: Part II. mechanism of the deposit stabilisation," Metall. Mater. 
Trans.B.", 44B (2013), 549-560. 

3. L. Scheunis, et al., "The effect of in-situ phase formation on the chemical corrosion of 
magnesia-chromite refractories in contact with a non-ferrous PbO-SiO2 based slag," 
Journal of the European Ceramic Society", 34 (2014), 1599-1610. 

4. L. Scheunis, et al., "The effect of a temperature gradient on the phase formation inside a 
magnesia–chromite refractory in contact with a non-ferrous PbO–SiO2–MgO slag," ournal 
of the European Ceramic Society", Volume 35 (2015), 2933-2942. 

5. S. Zhang, et al., "Penetration and corrosion of magnesia grain by silicate slags," British 
Ceramic Transactions", 99 (2000), 248-255. 

6. W.E. Lee, B.B. Argent, and S.W. Zhang, "Complex phase equilibria in refractories design 
and use," Journal of the American Ceramic Society", 85 (2002), 2911-2918. 

7. W.E. Lee, D.D. Jayaseelan, and S. Zhang, "Solid–liquid interactions: The key to 
microstructural evolution in ceramics," Journal of the European Ceramic Society", 27 
(2008), 1517-1525. 

 8.         FactSage v.6.2. 2010, CRCT - ThermFact Inc. & GTT-Technologies. 

1076



��

THE STUDY OF MOLTEN LIQUID - REFRACTORY INTERACTIONS – 
IT IS ALL ABOUT THE PHASE(S) 

Andrie Garbers-Craig1

1Centre for Pyrometallurgy, Department of Materials Science and Metallurgical Engineering, 
University of Pretoria, Lynnwood Road, Hatfield, Pretoria, 0002, South Africa 

Keywords: Chemical interaction; Wear mechanisms; Slag; Metal; Matte; Refractory material 

Abstract 

The study of chemical interactions between slag / metal / matte and refractory materials has been 
an ongoing theme from the time when the first metals and alloys were produced.  Over the years 
the refractory industry has seen extraordinary technological progress such as the development of 
the magnesia-carbon bricks and self-flowing castables.  The advances that take place in high 
temperature processes, specifically the iron and steel industry, drive innovations in the 
refractories industry.  Since these pyrometallurgical processes are dynamic, continuously 
improving and changing to process inter alia lower grade ores in energy more efficient and 
environmentally more friendly ways, the refractories industry has to keep current.  This paper 
discusses the important role that the study of molten liquid – refractory interactions plays in 
understanding wear mechanisms and directing the development of refractory materials.  It also 
gives relevant examples from refractories used in the production of different commodities. 

Introduction 

The refractory materials industry has been called the ‘hidden industry’ [1] and the ‘enabler of 
civilization’ [2].  The origin of this industry can be traced back to the ability of humans to 
produce and contain fire [1].  During preindustrial times, furnaces were small, reaction 
temperatures low (1100 to 1250ºC) and times at maximum temperature short [3].  Metallurgical 
processes were such that the development of exotic refractory materials was not necessary.  
Innovation in refractory materials therefore only started with changes and developments in 
pyrometallurgical practices, which started to occur in the 15th century [3].  Today the refractories 
industry is highly sophisticated, with 38.6 Mt of refractory materials produced in 2013 [4].  In 
2013, 73% of the produced refractory materials were used by the iron and steel industry, 
followed by the cement and lime industry (13%) and the non-ferrous metals industry (4.5%) 
(Figure 1) [4].  Developments in iron and steel production technology remain one of the main 
drivers of innovation in the refractories industry, and are likely to continue to do so for the 
foreseeable future. 
Nearly 95 years ago Francis Pyne listed the requirements for refractories used in the copper 
industry as having “(1) resistance to temperatures, (2) resistance to chemical action, (3) the 
ability to withstand sudden temperature changes, (4) minimum absorption of slag and metal, and 
(5) the absence of manufacturing defects” [5].  These requirements still hold today, but with the 
added demands of higher productivity via longer campaign lives, emphasis on vessel  
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Figure 1.  Global refractory market by end-user industries, 2013 [4] 

 
availability, more efficient use of energy, reduction in greenhouse emissions and a ‘greener’ 
approach through recycling of refractories and sustainable use of materials [2, 6].  In addition, 
raw materials suppliers and refractory companies are required to adapt to a long-term decline in 
commodity prices as illustrated in Figure 2 [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.  Trend in ‘raw industrials’ prices, 1800 - 2000 [7] 
 
The refractories industry has developed from initially following a trial-and-error approach to an 
industry that innovates through a fundamental understanding of how the phase composition and 
microstructures of these materials are interrelated with their properties, performances and 
processing methods.  Technological developments have been driven by studies on how chemical 
and physical interactions between slag / metal / matte and refractory materials impact on wear 
mechanisms, and also on how the refractory materials impact on product quality in the industries 
where they are used.  This paper describes the fundamental theory on and interpretation of 
refractory wear through penetration and corrosion by molten liquids.  It also includes a 
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discussion on how investigations on charge – refractory interactions have guided refractory 
choices and developments in the steel and platinum group metal (PGM) industries.  

 
The study of molten liquid - refractory interactions 

 
Fundamentals 
 
Excellent explanations of how thermodynamic and kinetic factors impact on wear through liquid 
penetration, corrosion, erosion and thermal shock are available in the literature [8-12].  Equations 
described below are used in the design of refractory materials and slag compositions to limit 
refractory wear. 
Penetration can be purely physical, which is then a capillary force driven flow of liquid into the 
refractory material, or it can be a chemical penetration, which includes chemical interaction that 
can lead to densification and chemical or structural spalling of the material [8].  The rate of 
physical penetration of a liquid into a refractory material is conventionally described by 
Poiseulle’s law, which is dependent on the radius r of the capillary (open pore or microcrack), the 
capillary suction pressure ΔP, the dynamic viscosity of the liquid η, the penetration depth l of the 
liquid into the refractory and the time t [10]: 
 
 dl/dt = r2ΔP/(8ηl)  (1) 
 
The ΔP term in equation (1) can be expressed in terms of the properties of the penetrating liquid, 
where γ is the surface tension of the liquid and θ is the wetting or contact angle: 
 
 ΔP = 2γcosθ/r (2) 
 
Substitution of Equation (2) into Equation (1), followed by integration, then gives: 
 
 l2 = [r γcosθ/(2η)] t (3) 
 
Decreasing the capillary radius and surface tension, and increasing the contact angle and 
viscosity of the liquid can therefore reduce penetration of a liquid into a refractory material.   
 
Corrosion is the chemical attack of refractory, mostly by molten liquid (slag, metal and matte), 
but also by gas. When liquid chemically reacts with the refractory material the reaction 
product(s) can directly dissolve into the liquid (direct dissolution) or a solid reaction product can 
form at the refractory – liquid interface, which is then dissolved into the liquid (indirect 
dissolution) [10].  In ‘direct dissolution’, when the diffusivity of the reaction product(s) is faster 
than the rate of the chemical reaction at the interface, the initial dissolution rate can be described 
by: 
 
 J = K(Ac/Ao)Cm (4) 
 
where J is the dissolution rate, K the first order rate constant, Ac the actual area of refractory, Ao 
the apparent area of the refractory and Cm the concentration of the reactant in the melt. In the 
case of ‘indirect dissolution’, the corrosion rate can be expressed by the Nernst equation [10]: 
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 J = D(Cs - Cm)/δ (5) 
 
where D is the diffusion coefficient, Cs is the concentration of the component at which it is 
saturated in the liquid, Cm is the concentration of the component in the liquid and 
δ is the effective boundary layer thickness. 
Corrosion is also predicted and explained through thermodynamic considerations. These include 
assessing phase stabilities before melting (e.g. quartz, zircon, andalusite), predicting possible 
chemical reactions that can take place between the charge and refractory material (whereby a 
reaction product interlayer could form at the hot face), the onset of melt formation in the 
refractory, compatibility between the slag / metal / matte and the main refractory component 
(oxide / carbon based), reactions between different types of refractory materials, the concept of 
‘local thermodynamic equibrium’ (where the penetrating and reacting liquid changes its 
composition as it reacts deeper into the refractory) and oxidation-reduction reactions  [8, 12]. 
 
Post mortem and laboratory scale analyses on refractory materials 
 
Analysis of wear mechanisms associated with refractory materials usually include post mortem 
analyses of refractory samples removed from production as well as samples from laboratory 
scale test work.  Laboratory scale tests typically include static tests (the dipping / finger test; slag 
pot test; induction furnace slag test) and dynamic tests (slag drip test; rotating finger test; rotary 
kiln slag test).  Refractory samples are then analysed using mostly chemical analysis (XRF or 
ICP), XRD, reflected light microscopy and SEM-EDS analyses. 
Wear mechanisms are then examined and explained through the use of phase diagrams and 
thermodynamic calculations, using software such as FactSage and Thermocalc.  It should 
however always be kept in mind that the observed phase relations at room temperature reflect the 
thermal history of the sample, and do not reveal phase relations at operating temperatures.  Phase 
relations at room temperature should therefore always be extrapolated back to operating 
temperatures before corrosion mechanisms are interpreted [13]. 
More recent developments include in-situ analysis methods in which phase relations and 
corrosion mechanisms are related to dimensional changes of the refractory materials as well as 
their thermomechanical properties. 
 

 
Refractory Development in the Steel and PGM Industries 
 
Refractory evolution in the steel and PGM industries, which was guided through studies on 
charge – refractory interactions, is discussed in this section. 
 
Steelmaking:  In 1957 silica brick was still the number one steel plant refractory, even though it 
was meeting severe competition from basic refractories, which have far higher melting points 
[14].  The main reason for the successful use of silica brick was the high temperatures at which it 
could be used in contact with iron oxide (close to the liquidus temperature in the two-liquid 
region, which is in excess of 1600ºC, Figure 3) and its high load-bearing capacity at these high 
temperatures [15, 16].  However, silica brick had the drawback of cracking and spalling when 
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they were rapidly heated or cooled over low temperature ranges [1], due to dimensional changes 
associated with the conversion of one polymorphic form of SiO2 to the other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Pseudo binary iron oxide – SiO2 system, indicating the 
variation in size and liquids temperature of the miscibility gap with 
changing Po2 [15] 

 
The rise of the LD (Linz-Donawitz) or BOF (Basic Oxygen Furnace) process resulted in the 
replacement of silica bricks by basic refractories [14].  The success of one such basic refractory, 
magnesia bricks, lies in its high melting point (2800°C) as well as its excellent resistance to 
attack by iron oxide, whereby the (Mg,Fe)O, (Mg,Fe)2SiO4 solid solution phases form under 
reducing conditions (Figure 4a) [15]. Its principal limitation is however, its high thermal 
expansion (Figure 4b), which makes the production of MgO bricks with high thermal shock 
resistance difficult.   

 

 
 

(a) 1650°C isothermal section of the MgO-
FeO-SiO2 system in contact with metallic iron 
[15]  

(b) Percentage linear expansion of different 
types of refractory materials as a function of 
temperature [17] 

 
Figure 4.  Benefits and limitations of magnesia bricks 
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The earliest reference to chemically bonded basic refractory was made in 1905, referring to 
sodium silicate and calcium chloride as binders, while direct-bonded basic brick with low 
impurity content has been manufactured since the late 1950s [18]. During the early 1960s it 
became clear that magnesia bricks of higher purity and density were required, as impurities 
(which have lower melting points than MgO) cause a loss in strength of the material and provide 
pathways along which liquid penetration and slag attack can take place [19].  One such impurity 
is B2O3, as it combines with MgO (and other impurities such as CaO) to form a low melting 
liquid, which easily wets the MgO grains and prevents direct bonding (Figure 5a [20]) [19].  
Since the mid-1980s the trend has been to obtain the highest MgO content possible when 
manufacturing MgO brick.  The importance of the CaO/SiO2 impurity ratio in MgO bricks was 
also understood, as this ratio determines the temperature of initial melt formation in the brick 
(Figure 5b) [19]. 
 

 

 

(a) The MgO – B2O3 phase diagram [20]   (b) The MgO-SiO2-CaO phase diagram [15]. 
 

Figure 5.  Influence of impurities on the refractoriness of MgO-
based materials 

 
The next step was to further densify magnesia bricks in order to improve their corrosion 
resistance.  Penetration and corrosion resistance of a MgO refractory material can be improved 
by reducing its porosity, i.e. increasing its density [21]. However, when the porosity becomes too 
low, the thermal shock resistance of the refractory deteriorates. The design of a MgO refractory 
material that has a high thermal shock resistance as well as excellent corrosion resistance was 
therefore a matter of a delicate balance. Adding carbon in the form of pitch addressed this 
problem to some extent when high-strength pitch-impregnated burned magnesia bricks were 
developed for the high wear areas of BOF linings in the late 1960s, with MgO contents in the 
order of 95% [19].   Since carbon has low thermal expansion and high thermal conductivity, a 
material was produced with improved thermal shock resistance as well as corrosion resistance.  
However, since the steel industry moved from ingot to continuous casting by the late 1970s, the 
maximum temperature in the converter increased from 1650 to 1700°C, which necessitated the 
production of higher quality refractories [22]. Between 1975 and 1980 resin-bonded magnesia-
carbon refractories were introduced in Japan, first for electric arc furnace hot spots and shortly 
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thereafter for BOFs [19, 22].  Shortly thereafter graphite became the principal carbon source.  
Since high carbon contents in the MgO brick introduced the severe disadvantage of oxidation 
and subsequent increase in porosity of the brick, the addition of antioxidants to oxide-carbon 
bricks followed.  These bricks were the first truly composite refractory materials with a ‘self-
repairing’ function when coming in contact with oxygen.  The ‘self-repairing’ function includes 
a decrease in carbon loss by reduction of CO(g) to C(s) with an accompanying decrease in 
porosity, crystallization of amorphous carbon from the binder and the formation of a protective 
surface layer (Figure 6) [21]. 
Magnesia-carbon bricks are nowadays successfully used due to their excellent slag corrosion 
resistance and thermal shock resistance. The benefits of MgO-C bricks include low thermal 
expansion and high thermal conductivity (i.e. good thermal shock resistance), improved 
penetration resistance (due to the non-wettability of graphite by slag; the generation of CO 
and/or Mg vapour inside the brick which resists liquid infiltration; and the formation of a dense 
MgO layer at the slag/brick interface, physically preventing slag infiltration), and the reduction 
of iron oxide in the slag to Fe by carbon, thereby avoiding attack of the MgO by iron oxide [21, 
23, 24].   
However, the high carbon content in the oxide-carbon brick implied higher release of carbon 
dioxide during tempering and preheating, which increased pollution and carbon footprint of the 
brick, together with high energy losses [25].  The challenge that then followed was the reduction 
of the fixed carbon content of the MgO-C brick without decreasing its thermal conductivity or 
downgrading its corrosion resistance.  Research has shown that the addition of high surface area 
carbon sources (such as nano-carbon) to the matrix of the brick, can reduce the fixed carbon 
content of the brick without decreasing its corrosion resistance and decreasing its thermal 
conductivity [25]. 
The success of oxide-carbon bricks has initiated research into the development of castables that 
contain graphite.  However, incorporating graphite into castables is technically very difficult as 
graphite has a low aqueous wettability and is therefore difficult to disperse, while aluminium-
based antioxidants has a tendency to hydrate [26].  Current research includes investigations into 
coating of the graphite and antioxidants. 
  

 
 

Figure 6.  Illustration of the ‘self-repairing’ function of oxide-
carbon materials [21] 

 
It is also important to touch on the developments that took place in the manufacture of castable 
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materials, from when they where first introduced into the refractories market in the early 1900s 
with the industrial production of calcium alumina cement (CAC) [27].  Although the Lafarge 
Company in France started the commercial production of calcium alumina cement in 1918, it 
was only in the 1950s that high purity CACs, developed specifically for the refractories industry, 
came on the market [28].  By 1960 conventional castables based on high purity CAC (up to 30 
wt%) and tabular alumina were in common use.  Disadvantages associated with the conventional 
castables proved to be low strength (due to their high water content required for placement, 
which increased porosity), loss in strength during dehydration (in the 538 - 982°C temperature 
range, as the hydraulic bond was broken down and sintering was still too sluggish to allow the 
development of a ceramic bond) and deteriorated high temperature properties (as high 
concentrations of CaO favours the formation of CaO – Al2O3 – SiO2 - based liquid phases on 
firing, Figure 7) [28]. 
By the end of 1960 it was clear that the cement content in castables should be reduced, i.e. to 
reduce the water content for placement but maintain the strength [28].  This lead to the 
development of low (LCC) and ultra-low (ULCC) cement castables whereby flow was achieved 
through more efficient particle packing, together with submicron size matrix additions and the 
use of dispersants.  These castables consist of the aggregate and a binding system, where the 
aggregate phases have pronounced effects on the microstructural evolution on heating, and 
therefore also the corrosion mechanisms in these materials. In the development of the LCCs and 
ULCCs the composition of the material was moved from the SiO2-CaO-Al2O3 – based system of 
the CC to either the SiO2-Al2O3 or the Al2O3-CaO systems [29].  In the SiO2-Al2O3 system, when 
CaO concentrations are very low, the high melting point mullite phase is readily formed, while 
the Al2O3-CaO system aims to form the high temperature bonding phase CA6 (Figure 7).  
 

 
Figure 7.  SiO2-CaO-Al2O3 phase diagram, which describes the 
compositions of CCs (which contains the low melting phases CAS2 
and C2AS) and the LCC and ULCCs, which contain either A3S2 or 
CA6  [15] 

 
The concern with steel cleanliness and efficiency of steel desulphurization in secondary 
steelmaking has sparked the development of castables based on the alumina-spinel and alumina-
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magnesia systems [28, 30].  Refractories with preformed MA spinel were developed in Japan in 
the late 1980s, while in the 1990s in-situ spinel-forming compositions were developed [31].  The 
advantage of using spinel-containing alumina-based castables in contact with steelmaking slag, is 
that the MA spinel traps FeO and MnO from the steelmaking slag in the spinel lattice.  The 
further infiltration of the slag is then inhibited as its liquidus temperature and viscosity are 
increased  [32].  The pre-formed spinel alumina-based castables have in general high volumetric 
stability and improved chemical resistance to steelmaking slag, compared to alumina castables, 
while in-situ spinel forming castables have a significant lower volumetric stability, but higher 
corrosion resistance when compare to added MA-containing castables.   The in-situ spinel 
castables have however the added challenge of magnesia hydration [32].  Resin-bonded AMC 
(alumina-magnesia-carbon) bricks for steel ladles combine the advantages of the alumina and 
spinel phases with those of carbon-containing refractories [33]. 
Through time the refractory castables have undergone major developments as a result of 
available raw materials of improved quality, optimisation of particle size distributions and 
packing design (to achieve higher density materials) and control of particle dispersion and 
therefore flowability [31].  
 
Current trends in steelmaking include a focus on high quality steel grades with very low limits of 
residual elements and steel cleanliness, as required by end users [34, 35].  This implies that 
extended processing of liquid steel in secondary metallurgy can take place and increasingly 
complex production routes can be followed to achieve metallurgical targets.  More emphasis is 
also placed on reduced energy consumption and increasing resource efficiency [35]. In order to 
achieve these aims the refractory materials that are used in specifically secondary steelmaking 
must continuously be re-evaluated and improved as they directly impact on steel quality and 
cleanliness.  The steel ladle has become a “metallurgical reactor” where refractory requirements 
include corrosion resistance against metallurgical reactive slag, thermodynamic stability of 
refractory oxides to avoid re-oxidation of steel, and lower carbon content to avoid or limit C-pick 
up [35].  Higher purity refractories are therefore required for clean steel making.  Synthetic 
materials such as tabular alumina or corundum have replaced natural ones such as andalusite 
(which has a high SiO2 content and therefore has a low lining life against basic slags) and 
bauxite (which also contains significant amounts of silica and impurities such as TiO2 and Fe2O3) 
in high alumina refractories.  Significant developments have also taken place regarding energy 
efficiency, with for example the development of new insulating alternatives. 
 
PGM (platinum group metal) smelting:  The PGM smelting process involves the smelting of 
spray dried flotation concentrate to produce a Fe-Ni-Cu-based furnace matte.  The matte is then 
converted to a Ni-Cu-based matte, which contains the PGMs.  This converter matte is then 
treated in the base metals refinery to extract the Cu and Ni, upon which the leach residue is sent 
to the precious metals refinery for final separation of the PGMs. 
PGM-bearing nickel-copper concentrate smelted in South Africa are mostly derived from the 
Merensky Reef (which has high concentrations of base metals and sulphur) and the UG2 Reef 
(which is rich in chromite and contains low quantities of base metal sulphides).  PGM smelting 
has some distinct challenges as compared to copper and nickel sulphide smelting (Figure 8) [36]:  
Typical operating temperatures of primary copper smelting furnaces are in the 1180 – 1380°C 
temperature range, with matte liquidus temperatures in the range of 940 to 1125°C, while in the 
nickel sulphide industry slag operating temperatures vary between 1240 and 1400°C, with matte 
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temperatures ranging from 1150 to 1360°C [37].  Average PGM slag liquidus temperatures in 
primary furnaces range from 1460 to 1700°C [37], with exceptionally high matte superheats of 
up to 690°C [36].  The two main components in the primary PGM slags that are responsible for 
these high liquidus temperatures are MgO and Cr2O3.  High concentrations of Cr2O3 in the slag 
also increase the potential for precipitation of spinel at the matte-slag interface or as build-up in 
the hearth [38].  Dwindling supplies of high base metals and sulphur containing Merensky 
concentrate have forced PGM producers to mainly use UG2 concentrate [39, 40].  The main 
challenge in smelting PGM concentrates from the Bushveld Complex, South Africa, is therefore 
the increasing chromium content of the charge [39].  Solutions to this problem include the 
dilution of the high chromium-containing concentrate with Mogalakwena concentrate, which 
originate from the Platreef ore (which is metallurgical similar to the Merensky ore [40]) and 
operation at deep electrode immersion and high hearth power densities [38, 41, 42].  
 

 
 

Figure 8.  Comparison of operating temperatures and matte 
superheats across the copper, nickel, and PGM smelting industries 
[36] 

 
 
Electric smelting of platinum concentrate started in 1969 at the Rustenburg Platinum Mines Ltd, 
in Rustenburg, South Africa with the commissioning of a 19.5 MVA Elkem rectangular electric 
furnace [43].  The sidewalls were externally water cooled, while pelletised concentrate was fed 
to the furnace.  The furnace (27.2 m long, 8.0 m wide, 6.0 m high) was lined with magnesia 
bricks, while superduty fireclay bricks were used in the wall above the slag level and in the roof.  
Lonmin commissioned its first furnace in 1971, which was a 12.5 MW Merensky six-in-line 
furnace, followed by their first two 2.3 MW circular furnaces in 1982 to smelt UG2 concentrate 
[42]. 
High purity, direct bonded magnesia and magnesia-chrome bricks are typically used in the 
primary PGM smelter and the converter.  The primary smelter slag is SiO2 – MgO – FeO – 
based, but also contains some CaO, Al2O3 and Cr2O3, while a fayalitic-type slag, which contains 
some nickel and copper oxides, forms in the converter.  The presence of high levels of FeO, and 
nickel and copper oxides in the converter, necessitate the presence of MgO, since MgO-based 
refractory can absorb substantial amounts of these oxides, without losing refractoriness.  Mag-
chrome and chrome-mag bricks are in general more resistant to fayalitic slags than magnesia 
bricks, while the chromite grains are in turn more resistant than the periclase.  
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Currently the largest capacity six-in-line submerged-arc furnace is the Polokwane smelter of 
Anglo American, which is rated at 68MW (168 MVA) and designed to treat 650 000t/a of 
concentrate [44].  Furnaces with such high hearth power densities, with a concentrate layer that 
is heat-insulating, have high sidewall heat fluxes.  This necessitated the practice of using furnace 
sidewall cooling whereby a slag freeze lining is formed [38].  However, the use of copper coolers 
brings its own unique problems:  Sulphur vapour, sulphur dioxide, water vapour and chlorine gas 
are given off during smelting [45, 46].  Sulphur vapour originates from sulphides and labile 
sulphur contained in the feed [45], chlorine gas from the dissociation of halides such as 
KClMg(SO4) and KMgCl3 which can potentially be present in the feed [46], and water vapour 
from the moisture and chemically bound water in the feed material [47, 48]. Water vapour 
dissociates at high temperatures, which can then also lead to the formation hydrogen sulphide 
and hydrogen chloride gas [49].  High temperatures associated with the smelting process drive 
these gases towards a cooler place, which is in front of the copper coolers [46].  This then leads 
to corrosion and possible catastrophic failure of the copper coolers [44, 50].  This mechanism 
was confirmed by a post mortem study on the slag freeze lining and magnesia-chrome bricks 
removed from the concentrate-slag interface and bottom section of the slag layer.  The slag 
freeze lining was highly porous, thereby allowing base metal sulphides and sulphur and chlorine 
containing gases to move through the freeze lining to the copper cooler where it sulphidised the 
copper, forming a non-adherent copper sulphide layer  (Figure 9) [51, 52].  This corrosion 
mechanism has been named ‘chloride accelerated sulphidation’.  Great benefits have 
subsequently been obtained from replacing the magnesia-chrome bricks with graphite blocks in 
current smelter designs.  A post-mortem analysis of a graphite block, which was removed from 
the same PGM smelter, confirmed that graphite plays a significant role in reducing the extent of 
penetration and reaction of corrosive gases and base metal sulphides with the copper cooler [51, 
53]. 
 
 
 

 
 

Figure 9.  Freeze lining from a primary PGM smelter:  (a, b) Side 
views; (c) Front view [52]  

Magnesia-chrome and alumina-chrome bricks have been used in the matte tap hole – another 
area of high wear.  Thermodynamic modeling [54] predicted that as the matte temperature 
increases the matte – tap-hole brick wear mechanism changes from solely matte penetration to 
penetration with accompanying chemical reaction with the brick.  Laboratory-scale experiments 
at 1500 - 1700°C confirmed that at matte temperatures above 1500°C wear of the magnesia-
chrome refractory bricks are due to extensive matte penetration, with subsequent chemical 
interaction between the matte and brick that caused chromium pick-up in the matte [55].  Wear 
of alumina-chrome brick was also characterized by extensive matte penetration.  Chemical 
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interaction between the matte and brick occurred at temperatures above 1550°C, forming the 
FeCr2O4 spinel phase at the matte – brick interface [56]. 
 
 

Conclusions 
Very little was known about raw materials and how their phase compositions impacted on brick-
making and brick quality in the early years of refractory material production.  Harbison wrote in 
1866: ‘…the manufacture of brick up to this time had been purely chance work…. frequently 
whole kilns of brick would be…found so defective that it was unsafe to put them on the market’ 
[1].  Today, 150 years after Harbison’s ‘confession’, the refractories industry can pride itself on 
being a mature and innovative industry, with the knowledge and expertise to engineer and 
manufacture microstructures for specific applications with a specific set of target properties.  
Challenges in R&D include the development of standard in-situ refractory test methods, whereby 
refractory performance in service can more accurately be predicted.  Exciting current research 
topics also include the development of bendable, flexible and self-healing refractories.  These 
developments are all dependent on comprehensive studies on liquid – refractory interactions. - It 
is indeed all about the phase! 
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Abstract 

This work aims at studying the volume change of bauxite corroded by a molten slag. Cylindrical 
samples were prepared by mixing ground bauxite with slag. Optical measurement at high 
temperature (1450 °C) of deformation with a high-resolution camera has been developed. Image 
processing allowed for determining the change in diameter of the sample. We showed that the 
deformation was induced by the precipitation of new expansive crystallised phases observed by 
SEM-EDS analyses. Adding pellets of the same slag upon the samples allowed to emphasize the 
effect of the slag amount on the size change. The change in diameter significantly increased in 
the impregnated area. 

Introduction 

Bauxite mining and industrial transformation generate wastes and by-product. A common 
strategy for managing the bauxite wastes and by-products is its disposal into long-term storage, 
despite its cost and its environmental impact. In the context of the growing scarcity of the raw 
material, bauxite by-products can be an important secondary mineral resource providing to know 
its behaviour, especially at high temperature. This motivated us to study the interaction between 
the bauxite and molten oxides. Corrosion mechanisms of bauxite by molten slag are well 
described in the literature [1-2]. The corrosion of bauxite-based [1-2] and alumina [3-5] leads to 
precipitation of expansive lime-alumina interlayers. The precipitation of these phases induces 
local strains, which can cause an inhomogeneous macroscopic change in volume of the sample. 
Usual dilatometers are not adapted to measure such changes in volume at high temperature 
because of the heterogeneity of the materials of interest and because it is not possible to add 
molten slag. A method consisting in measuring at room temperature the change in volume of a 
refractory material in contact with molten slag before and after corrosion test has already 
developed using a 3D coordinate measurement machine [6]. However, this methodology did not 
allow for characterizing in situ, namely during the test, the change in volume depending on the 
temperature and on the slag impregnation.  
The current work deals with the first attempt to measure in situ the deformation of samples in 
contact with a molten slag and to relate the deformation with the thermo-chemical 
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transformations. In situ optical measurement of deformation has been developed to follow at 
high temperature the change in diameter. The experiments were performed on a sample made of 
bauxite aggregates mixed with reactive powder of slag. SEM-EDS analyses were carried out in 
order to relate the phase changes to the macroscopic deformation. In addition, pellets of slag 
were put on the sample to see how the slag amount could impact the size change.  

Materials and methods 

Sample characteristics
Bauxite aggregates were mixed with reactive slag to form cylindrical samples of 35 mm in high 
and 28 mm in diameter. The chemical composition of the bauxite blocks and the slag are 
presented in table 1. The samples were compacted under an uniaxial pressure of 16 MPa with 
and fired at 500 °C. Testing these samples allowed for characterizing the change in volume 
induced by the corrosion independently of the impregnation kinetics. Indeed the samples were 
assumed to be homogeneously impregnated. A second series of experiments was performed by 
putting slag pellets with same composition on the samples in order to highlight the effect of the 
amount of impregnated slag on the change in volume. In the tests performed with pellets of slag 
putting on the sample, the pellets weight was 3.5 % of the sample. Pellets of slag were prepared 
at room temperature by compacting initial powder mixture without any heat-treatment. 

Table 1: Chemical composition of bauxite aggregates and reactive slag (+/- 1 wt.%) 
SiO2  Al2O3  Fe2O3  CaO  TiO2

Bauxite 9 60 23 5 3 
Slag 6 40 14 38 2 

Experimental procedure
In situ optical measurement of macroscopic deformation consists in determining the change in 
diameter of a cylindrical sample during a heat treatment by image post-processing. The device is 
composed of a furnace with a window associated with a high-resolution camera (Figure 1, a). 
The sample was heated up to 1450 °C during 4 h under air. The heating and cooling rates were 
300 °C/h. As explained above, the tests were performed without or with pellets of slag put on the 
cylinder before the heating treatment. Finally, post-processing was applied to measure the 
evolution of the sample diameter over the time and therefore over the temperature. The sample 
diameter was measured throughout the height from uniformly distributed lines, represented on 
Figure 1.b. Relative variation of the diameter was calculated from the initial picture taken at 
room temperature before the heat treatment. 

1094



(a) (b)
Figure 1 : Pictures of the bench test (a) and of the sample at 1450 °C (b) 

Results 

In situ deformation of sample alone
First, macroscopic deformation of the samples alone was measured (Figure 2).  
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Figure 2: macroscopic deformation in time of the sample 

The average change in volume of the sample was divided into 5 steps: 
a. T < 1150 °C during the heating (Figure 2, stage a): thermal expansion.  
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b. 1150 °C < T < 1445 °C during the heating (Figure 2, stage b): shrinkage caused by 
reaction of the bauxite aggregates with the slag formerly mixed with the bauxite. The 
solidus and liquidus temperatures of the slag are 1140 °C and 1385 °C respectively 
determined by DSC. The change in diameter on this temperature range was equal to  
- 5.7 % +/- 0.3. 

c. T > 1445 °C during the heating and during three first hours of the dwell (Figure 2, 
stage c): expansion induced by the precipitation of new expanding phases. The change in 
diameter on this temperature range was + 0.7 % +/- 0.3. 

d. 1250 °C < T < 1450 °C during the cooling (Figure 2, stage d): expansion due to 
solidification of the liquid phase. The diameter change was + 0.4 % +/- 0.3 on this 
temperature range. 

e. T < 1250 °C during the cooling (Figure 2, stage e): shrinkage caused by thermal 
expansion. 

The change in diameter of the sample was varied over the height during the chemical expansion 
from about + 0.3 % +/- 0.3 (line 15 in the figure 2) to about + 1.2 % +/- 0.3 (line 3 in the 
figure 2). These differences can be explained by local heterogeneity of the sample. 

In situ of sample in contact with slag
Pellets of slag was put on the sample and heated up to 1450 °C for 4 hours. The slag melted 
completely at 1380 °C and it impregnated the sample in 12 minutes (Figure 3). 

Figure 3: evolution of the sample and pellet of slag during the heat 

The change in diameter of the sample with slag pellets (Figure 4) is similar to that observed on 
the sample alone excepted that adding slag pellets limited the sintering due to the reaction 
between the bauxite aggregates and the initial slag formerly mixed with the bauxite. It also led to 
a higher mean macroscopic expansion induced by corrosion. The average chemical expansion 
with the slag pellets was 1.3 % +/- 0.3 in diameter instead of 0.7 % +/- 0.3 for the sample 
without pellet. 
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Figure 4: comparison of macroscopic deformation in time of the sample with and without liquid slag addition 

In addition, measuring in situ the diameter over the high of the sample allowed for highlighting 
the effect of the impregnation. Indeed, it can be observed on Figure 5 that the change in diameter 
depends on the high. The change in diameter is less than 1.0 % in the main part of the sample up 
to 9 mm of its top. In the zone of the first 5 mm from the top, the material expanded more than 
2.5 % in diameter. As a conclusion, the change in volume along the vertical axis of the sample 
and the temperature of the beginning of the chemical expansion seem be linked to the depth of 
impregnation, namely to the amount of molten slag.  
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Relation between macroscopic deformation and chemical transformation
X-ray diffraction analyses and SEM-EDX were performed after heat treatment. After heat 
treatment, C(AF)6 [CaO-6(Al2O3-Fe2O3)] was the main new precipitated phase determined by X-
ray diffraction. Presence of alumina, C2AS [2CaO-Al2O3-SiO2], CAS2 [CaO-Al2O3-2SiO2] and 
C(AF)2 [CaO-2(Al2O3-Fe2O3)] were also identified as minor phases.  
Figure 6 shows a representative macrostructure of the sample after heat treatment. EDX 
performed every 30 μm following a line gave results in agreement with literature [3-5] and 
thermodynamic calculation using Factsage v6.4 software with FToxid database [7]. The 
macrostructure can be divided in 4 areas: 

a. The slag area whose chemical composition is closed to CAS2.
b. The precipitation area that is composed of 2 lime-alumina solid interlayers (C(A;F)2 and 

C(AF)6), resulting from reaction between alumina grains and molten bounding phases. 
c. The penetration area that constituted the border between the precipitation area and the 

unaffected area. This area was composed of a non reactive liquid phase poor in lime 
whose chemical composition is closed to CAS2, and two solid phases [C(A;F)6 and 
Al2O3]

d. The unaffected area  

Figure 6: SEM micrograph of sample made of bauxite aggregates mixed with reactive powder of slag after heat 
treatment 

The two new crystalline phases (C(A;F)2 and C(A;F)6) are expansive phases and cause the 
macroscopic expansion. Precipitation of C(AF)6 leads to a macroscopic expansion of 3 % and 
precipitation of C(AF)2 expands the volume about 24 %. 
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Conclusion and outlook 

The change in diameter throughout a heat treatment of bauxite-based agglomerate is made by in 
situ optical measurement.  The chemical expansion brings about a heterogeneous expansion that 
induces the change of the agglomerate shape. The chemical expansion is caused by reaction 
between a molten slag and solid phases that leads to expansive lime/alumina containing iron 
phases (C(A;F)2 and C(A;F)6). The change of the agglomerate shape is explained by the 
heterogeneity of the sample. 
The molten slag impregnation induces an increase of the change in volume due to chemical 
expansion. Impregnation of the molten slag changes the chemical composition of the system that 
modifies the phase equilibrium. This modification promotes the precipitation of C(A;F)2 phase, 
which is a more expansive phase than C(A;F)6.
The next step will be to determine a chemical expansion coefficient by relating the deformation 
induced by reaction to the reaction rate. 
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ABSTRACT

Appropriate selection of refractories for high temperature processes is vital to the production. 
Magnesia-chromite refractory has been widely used in copper making industry. However, the 
risk of generating high poisonous Cr6+ drives the researchers to find Cr-free refractories for
copper industry.

Different materials were synthesized as raw materials of refractory in Cr-free chemical systems 
that are based on the MgO-Al2O3 system with additions of other SiO2, TiO2 and CaO. SEM and 
EPMA analyses were performed to investigate their morphologies and the homogeneities after 
sintering process. These refractory materials were also tested by reactions with industrial copper 
smelting slag under the same conditions. The corrosion resistances of different refractory
materials to the slag and changes of the morphologies after the high temperature experiments 
were analysed and compared. The present studies will lead to the development and applications 
of Cr-free refractories in copper industry and reduce the potential hazards to the environment and 
cost of the copper production.

Introduction 

Refractories play significant roles in all high temperature processes, in which refractories resist 
to the thermal stress, physical wear and chemical corrosions. In copper smelting process, 
refractories are particularly important as they experience intensive physical erosions from the 
strong washouts of melts (slag and matte), and extreme chemical corrosions from matte and slag
penetrations and corrosive gases with high SO2. Magnesia-chrome type bricks have been used 
for copper furnace linings for long time because of their good resistance to copper slag 
corrosions at different compositions. However, Cr3+ may oxidize to Cr6+ during the smelting and 
converting processes causing potential serious environmental problems. In addition, the 
fabrication of magnesia-chrome ore based refractory requires heat treatments at temperatures in 
excess of 1750 °C, which results in high energy consumption and greenhouse gas emissions 
during the manufacturing process.

Synthetics of MgO-Al2O3 [1], MgO-Al2O3-TiO2 [2-3] and MgO-Al2O3-ZrO2 [4] system
materials as Cr-free refractory materials have been performed by researchers. However, limited 
studies were focusing on the microstructure analysis of the Cr-free refractory materials reacting 
with copper slags. From thermodynamic calculations [5], SiO2, CaO and TiO2 substantially 
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decrease the liquidus temperature of MgO*Al2O3. With the formation of the liquid phase, the 
sintering temperature may be decreased and the material may be denser with fewer holes. In the 
present study, MgO-Al2O3 base system with additions of SiO2, CaO and TiO2 respectively were 
chosen to investigate that: 1) whether the sintering temperature can be lowered; 2) different 
corrosion mechanisms through microstructure analysis. Four materials were synthesized from 
pure chemicals and tested with industrial copper smelting slag. The microstructures of the 
samples before and after the reactions with copper smelting slag were carefully analysed. 

Experimental

Analytical pure chemicals were carefully weighted according to the plans (as shown in Table 1)
and thoroughly mixed with water by ball mill. The mixed powders were filtrated, dried and 
shaped in mould. The samples were then calcined in muffle furnace. The temperatures were 
increased from room temperature to 1200 oC at 5 oC/min, followed by 2.5 oC/min for the 
temperature range between 1200 and 1580 oC, and then held at 1580 oC for 4 hours. The firing 
temperature was chosen at 1580 oC to have suitable amount of liquid phase formed as bonding 
phase in the MgO-Al2O3-SiO2 and MgO-Al2O3-CaO systems. 

Table 1. Designed compositions for synthetic materials

Sample number Chemical system
Compositions (wt%)

MgO Al2O3 Additives

RF1 MgO-Al2O3 28.33 71.67 0

RF2 MgO-Al2O3-SiO2 27.98 71.02 1 (SiO2)

RF3 MgO-Al2O3-CaO 27.98 71.02 1 (CaO)

RF4 MgO-Al2O3-TiO2 30.53 64.47 5 (TiO2)

The refractory samples were cut into 5 mm-thick pieces (ϕ 20 mm), placed in an Al2O3 crucible 
and completed surrounded by industrial copper smelting slag. The samples were heated to 1300 
oC in tube furnaces and held for 2 hours in argon gas atmosphere. Detailed experimental 
apparatus and procedures can be found in the publications from the present authors [6]. The
samples before and after reactions were sectioned, mounted and polished for examinations using 
Electron Probe X-Ray Microanalysis (EPMA). Typical microstructures of the samples and 
compositions of the phases present were measured using a JEOL JXA-8200 electron probe X-ray 
microanalyser with wavelength dispersive detectors. (JEOL is a trademark of Japan Electron 
Optics Ltd., Tokyo). An accelerating voltage of 15 KV and a probe current of 15 nA were used. 
The Standard used for analysis were Fe2O3 for Fe, CaSiO3 for Si and Ca, CuFeS2 for Cu and S, 
Al2O3 for Al, MgO for Mg, ZnO for Zn, PbS for Pb and TiO2 for Ti. The Duncumb-Philibert 
ZAF correction procedure supplied with JEOL-8200 was applied. The average accuracy of the 
EPMA measurements was estimated to be within 1 weight percent.

Table 2. Composition of copper slag used in the present study
XRF FeO SiO2 Cu2O CaO Al2O3 MgO S PbO ZnO

Copper slag 61.7 24 3.1 1 3 0.6 1.7 0.5 3.1
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Results
RF1: MgO-Al2O3 system 

It can be seen from the backscattered SEM images in Figure 1 that generally the MgO-Al2O3

material was well sintered, and no large crack was found in the sample. However, a large number 
of linked pores are still present in the sample. The compositional analyses from 20 points show
that the compositions of the sample are relatively homogeneous and close to the designed one.
FactSage [5] calculation predicts that the liquidus temperature and solidus temperature are 2124 
oC and 1987 oC, respectively. The calcining temperature 1580 oC is lower than the solidus 
temperature and indicates that no liquid was formed during the sintering.

(a) (b)
Figure 1. Backscattered SEM images of synthetic MgO-Al2O3 material: (a) low magnification; (b) 

high magnification

Figure 2. Backscattered SEM image of MgO-Al2O3 material after reacted with copper slag

The sample after reacted with copper slag is also shown in Figure 2. As it can be seen from the 
figure, there is no clear boundary between the synthetic material and the copper slag. The careful 
EPMA analysis shows that FeO has penetrated into the sample, even in the centre of the 
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synthetic material, and form spinel solid solution (Mg, Fe2+)O.(Al,Fe3+)2O3. Matte droplets were 
also observed inside the refractory. EPMA measurements show that up to 13 wt% FeO can 
replace MgO in MgO.Al2O3 spinel to form new spinel in 2 hours. The original MgO.Al2O3 spinel 
structure was modified by copper slag, and no dense phase was form to stop the reaction with 
copper slags. The MgO.Al2O3 cannot be directly used as a raw material for the refractory. 

RF2: MgO-Al2O3-SiO2 system 

With the aim of decreasing the liquid formation temperature and testing of liquid phase as a
bonding material, the MgO-Al2O3-SiO2 material was prepared. The liquid formation temperature 
of the MgO-Al2O3-SiO2 material with 1 wt% SiO2 is predicted by FactSage [5] to be 1384 oC,
which is 600 degrees lower than the SiO2–free material, and the liquidus temperature is slightly 
decreased to 2113 oC [5].  However, the SEM analysis of the synthesized MgO-Al2O3-SiO2

material shows that cracks were formed during the sintering process (Figure 3a). It can be seen 
from Figure 3b that two phases are present in the sample including MgO-Al2O3 spinel and liquid 
phase which has ~ 20 wt% SiO2. Moreover, pores are almost isolated stopping the penetration of 
gas and liquid.

(a) (b)
Figure 3. Backscattered SEM images of synthesized MgO-Al2O3-SiO2 material: (a) small 

magnification; (b) large magnification

The SEM image of MgO-Al2O3-SiO2 material after reacted with copper slag is shown in Figure 4. 
It can be seen that the synthetic material and copper slag do not have clear boundary indicating 
the copper slag has penetrated into the sample. Matte droplets can also be found to be distributed 
inside the synthetic material.  

Figures 3 and 4 show that although the addition of SiO2 can significantly decrease the liquid 
formation temperature and produce dense refractory material, no dense layer can be formed at 
the interface between the refractory and copper slag. 

Spinel MgO.Al2O3
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Figure 4. Backscattered SEM images of MgO-Al2O3-SiO2 material after reacted with copper slag

RF3: MgO-Al2O3-CaO system 

Similar to SiO2, CaO was added in to MgO-Al2O3 system to form liquid phase at a relative lower 
temperature. The liquid formation temperature and liquidus temperature were predicted to be 
1349 oC and 2111 oC [5] with addition of 1 wt% CaO to the MgO-Al2O3 system. At 1580 oC, it
was predicted that approximately 3 wt% liquid was formed. Figure 5 shows the micro-structures 
of the sample heated at 1580 oC. No crack was formed and pore fraction seems to be much lower 
than that in MgO-Al2O3-SiO2 material in Figure 5(a). More liquid (light areas in Figure 5(b)) can 
be seen in the microstructure of the sample. It can be concluded that CaO can produce more 
liquid phase as a binding material than SiO2 and the sample is more densified compared to SiO2-
containing material.  

(a) (b)
Figure 5. Backscattered SEM images of synthesized MgO-Al2O3-CaO material: (a) low

magnification; (b) high magnification.

The microstructure of the MgO-Al2O3-CaO material after reacted with copper slags is shown in
Figure 6 (a). Copper slag and matte droplets did not penetrate into the refractory after two hours’ 
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reaction. Line analysis by EPMA was carried out in the sample near the interface as shown in 
Figure 6(a). The step of the line analysis was 30 μm and the results are shown in Figure 6(b). It 
can be seen that after 60 – 90 μm from the surface, the concentration of FeO sharply decreases to 
0, the concentrations of Al2O3 and MgO remain relatively stable after 90 μm and their
concentrations are closed to the original ones before reaction.       

(a) (b)
Figure 6. Backscattered SEM image of MgO-Al2O3-CaO material after reacted with copper slag

(a) and EPMA line analysis (b)

It seems that MgO-Al2O3-CaO material may be potentially used as a refractory where the
penetration of copper slag and matte is not significant. Only a thin layer of the material in contact 
with copper slags were reacted and the bulk remains to be compact. 

RF4: MgO-Al2O3-TiO2 system 

The previous test with copper slags shows that the MgO-Al2O3-TiO2 refractory has a good slag 
corrosion resistance and may be a potential substitution of magnesia chromite refractory [2]. 
Figure (a) shows the SEM image of the synthesized MgO-Al2O3-TiO2 material in low 
magnification. Holes have been developed to cracks, which can be found all over the samples. 
EPMA analysis shows that 1.5 wt% TiO2 was dissolved in MgO.Al2O3 spinel, and the rest of 
TiO2 formed MgO.2TiO2 in the sample. FactSage [5] predicts that with 5 wt% addition of TiO2,
the liquid formation temperature is decreased to 1591 oC and the liquidus temperature is 2094 oC.
The MgO.2TiO2 crystals hinders the sintering process and separate the MgO.Al2O3 crystals as 
seen in Figure (b), which agrees with the microstructures reported by Naghizadeh et al. [7]. 

A clear boundary layer can be seen in the microstructure of MgO-Al2O3-TiO2 material reacted 
with copper slags as shown in Figure (a). The dense layer fully covers the synthetic material to 
prevent further penetration of the slag. Detailed EPMA analysis shows that the boundary layer is 
mainly formed by the (Mg,Fe2+)O.(Al2O3,TiO2) spinel crystals with the untransformed 
MgO.Al2O3 crystals randomly distributed. SiO2 was not detected in boundary layer. The 
compositions inside the refractory are close to the original compositions and no FeO was found 
in the MgO-Al2O3 spinel.  
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(a)  (b) 
Figure . Backscattered SEM images of synthesized MgO-Al2O3-TiO2 material:

(a) small magnification; (b) large magnification.

(a)  (b) 
Figure . Backscattered SEM images of synthetic MgO-Al2O3-TiO2 material after reacted 

with copper slag: (a) low magnification; (b) high magnification. 

The EPMA analysis demonstrates that the dense boundary layer well stops the copper slag from 
further reacting with the refractory. Less pores in the synthetic materials were observed in the 
areas close to the copper slags compared to the area inside the sample, and no obvious crack can 
be seen from the microstructure shown in Figure (a). TiO2 and FeO were reacted with the 
refractory and formed spinel composite crystals, which enlarge the spinel crystal and block the 
tunnel for transporting copper slag into the sample. The present investigations show that MgO-
Al2O3-TiO2 system material may be used as a potential refractory material, and the optimum 
TiO2 concentration and sintering temperature should be investigated to have a better refractory 
material for copper smelting slags. 

Spinel MgO.Al2O3

MgO.2TiO2

Spinel 
(Mg,Fe)O. (Al2O3,TiO2)

Matte
Copper slag

Spinel 
MgO.Al2O3
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Conclusions

The investigations of refractory materials in MgO-Al2O3, MgO-Al2O3-SiO2, MgO-Al2O3-CaO, 
and MgO-Al2O3-TiO2 systems show that the additions of SiO2 and CaO can significantly reduce 
the liquid formation temperatures. Liquid phase was found in the systems MgO-Al2O3-SiO2 and 
MgO-Al2O3-CaO compared to the original synthetic MgO-Al2O3 material. A dense layer forms 
between the refractory and copper slag can stop the copper slag penetration into the refractory 
and protect the refractory. Such layer was not formed in the reactions with MgO-Al2O3 and 
MgO-Al2O3-SiO2 materials. Although there is no clear boundary formed in the MgO-Al2O3-CaO 
material after reacting with copper slag, the addition of CaO indeed slows down the reactions 
and penetrations of copper slags and matte within 2 hours’ reaction. The addition of 5 wt% TiO2

can form a dense (Mg,Fe)O.(Al2O3,TiO2) spinel composite layer when the refractory reacts with 
copper smelting slag.

The present studies of different synthetic refractory materials from pure chemicals are the first 
stage research within a comprehensive program to develop novel Cr-free refractory. The 
microstructure analysis of the refractory materials before and after reacting with copper slags 
helps to get more insight into the mechanism of refractory failure and corrosion. More 
experimental work will be carried out for the development of Cr-free refractory at reduced
energy consumptions. 
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Abstract

Gasification is a high-temperature/high-pressure process that converts carbonaceous materials 
such as coal and/or petcoke into CO and H2, feedstock materials used in power generation and 
chemical production.  Gasification is considered an important technology because of its high 
process efficiency and the ability to capture environmental pollutants such as CO2, SO3 and Hg.  
Ash impurities in the carbon feedstock materials melt and coalesce during gasification (1325-
1575oC), becoming slag that attaches to and flows down the gasifier sidewall, corroding and 
eroding the high Cr2O3 refractory liner used to protect the gasification chamber.  Phosphate 
additions to high Cr2O3 refractory have been found to alter slag/refractory interactions and 
dramatically reduce refractory wear by the following mechanisms: a) spinel formation, b) slag 
chemistry changes, c) two phase liquid formation, and d) oxidation state changes.  The 
mechanisms and how they work together to impact material wear/corrosion will be discussed. 

Introduction

Gasification is a non-equilibrium process used commercially to convert high carbon materials 
(typically coal and/or petcoke) and water under a shortage of oxygen at high temperature and 
pressure into hydrogen and carbon monoxide gas (called synthesis gas or the shortened version, 
syngas) according to the simplified reaction:

C + H2O (gas) + O2 (shortage) CO + H2 + thermal energy + by products

By-products generated during gasification include hydrocarbons (primarily CH4), minority gases 
(such as H2S + CO2), excess C as char, and ash/slag generated from minerals and organo-
metallic impurities in the carbon feedstock.  Air cooled entrained bed slagging gasifiers operate 
at temperatures between about 1325-1575oC and pressures between 2.1-6.1 MPa; consuming as 
much as 100 or more tons/hour of carbon feedstock.  Coal and petcoke used as carbon feedstock 
have varying quantities of impurities depending on their sources, with coal averaging about 10
wt pct ash and petcoke about 1 wt pct.  These impurities oxidize, melt, and/or coalesce to form 
molten slag during gasification.  Slag chemistry is dependent on the carbon source, as previously 
described [1] and shown in Table I.  When slag particles encounter the gasifier sidewall used to 
contain the gasification process, they typically adhere and flow down it, causing wear by 
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corrosion, spalling, and sometimes abrasion; as shown in Figure 1. Several types of refractory 
wear have been observed in gasifiers, which is shown in Figure 2.  Three types are predominate;
spalling, chemical dissolution, and abrasion. Abrasive wear is caused by carbon feedstock, 
additives, char (from carbon feedstock gasification) and/or slag particulates impacting the 
gasifier sidewall.  It is a function of their velocity, and varies from location to location in the 
gasifier. Slag/refractory interactions are responsible for the two remaining types of wear -
spalling and chemical dissolution of the refractory (examples shown in Figure 1).  The impact of 
spalling and chemical dissolution wear on refractory materials is different, with a slow and 
predictable wear caused by chemical dissolution, and a sudden and unpredictable wear caused by 
structural spalling.  Structural spalling is initiated by slag wetting and penetrating the high-
porosity refractory, and is exacerbated by thermal cycling. The impact of refractory wear by 
chemical dissolution and spalling was illustrated by Bakker [2], who showed that chemical 
dissolution was a slow and steady wear, while spalling removed large portions of refractory at 
irregular intervals. A hypothetical example of these wear mechanisms is shown in Figure 3.

Table I.  The average chemistry of major impurities found in Eastern U.S. coal and petcoke
complied by NETL from various sources [1].  Listings are as wt pct oxides.

Compound Avg Coal Chemistry [1]
(wt pct +/- std dev)

Avg. Petcoke Chemistry [1]
(wt pct +/- std dev)

SiO2 43.6 +/- 16.4 14.1 +/- 8.7
Al2O3 25.2 +/- 10.2 4.8 +/- 2.8
Fe2O3 17.0 +/- 11.2 7.2 +/- 9.3
CaO 5.8 +/- 6.6 5.4 +/- 3.8
MgO 1.2 +/- 1.1 1.0 +/- 1.6
K2O 1.4 +/- 0.7 0.5 +/- 0.4
Na2O 0.9 +/- 0.6 0.8 +/- 0.8
TiO2 1.4 +/- 0.8 0.3 +/- 0.2
NiO ND 8.4 +/- 3.2
V2O5 ND 57.0 +/- 19.5

ND = Not Determined

The refractory materials used to line a gasification reaction chamber (Figure 1) can be divided 
into the four general classes of high chrome oxide compositions listed in Table II.  Patented or 
proprietary additives are often made to the refractory compositions with the goal of reducing 
wear by limiting refractory dissolution in slag or by limiting slag penetration into the refractory. 

Table II.  Chemical and physical properties of the major types of refractories used in gasifiers
(data from manufacturers’ product data sheets) 

Property Refractory Type
A B C D

Chemistry (wt pct)         Cr2O3 90.1 87.0 81.0 92.0
Al2O3 9.3 3.0 0.4 4.7
ZrO2 NL 6.5 NL NL
MgO NL NL 17.0 NL
P2O5 NL NL NL 3.3

Porosity (pct) 14.8 16.5 12.0 15.0
NL = Not Listed
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Figure 1. Two types of entrained flow slagging gasifiers with typical sidewall construction and 
wear patterns occurring on the refractory liner.

Figure 2. Types of refractory wear occurring in entrained flow slagging gasifiers.

A number of wear mechanisms have been proposed in high chrome oxide refractories to explain 
their superior performance over other liner materials in slagging gasifiers, with over 70 wt pct 
Cr2O3 proposed as a minimum amount necessary for adequate lining life [2].  In commercial 
service, it has been noted that phosphate additions to high chrome oxide refractories provide 
additional wear resistance, with improvements in service life of 50 pct or more observed in some 
commercial applications.   The wear mechanisms occurring in high chrome oxide refractories 
with/without phosphate additions will be discussed in this paper, and include the following:  a) 
spinel formation, b) slag chemistry changes, c) two phase liquid formation, and d) oxidation state 
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changes.  Of those listed, spinel formation and slag chemistry changes occur in traditional 
refractory liners, while all four are thought to occur in materials with phosphate additions.

Figure 3.  Hypothetical slag wear caused by spalling and dissolution of the refractory sidewall.  
Note spalling wear occurs as isolated incidents, while chemical dissolution occurs gradually over 
time [2].  

Mechanisms Reducing Refractory Wear

As illustrated in Figure 2, a number of wear types are known to occur in gasifiers.  The two 
mechanisms accounting for the greatest amount of wear, structural spalling and chemical 
dissolution, are shown in Figure 4.  Refractory wear is influenced by the type of liner material 
and gasification variables including: slag composition and quantity, gasification temperature, 
oxygen partial pressure, carbon feedstock throughput, and gasification system cycling.  The 
types of refractories used in gasification are listed in Table II.  All are high in chrome oxide, and 
are based on research indicating high chrome oxide content in a refractory was necessary for 
sustained service life in a gasifier environment [2]. The different mechanisms thought to 
improve refractory performance (spinel formation, slag chemistry changes, two phase liquid 
formation, and oxidation state changes) are discussed individually.  

Figure 4.  Spalling and chemical dissolution wear occurring in traditional refractory materials 
after gasifier service.  a) High chrome oxide gasifier liner with/without phosphorous additions
after 3 years of service, and b) side profile of refractory brick from a test panel with/without 
phosphorous additions after 237 days commercial service exposed to a coal slag.
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a) Spinel formation

The high chrome oxide grains in gasifier refractories interact with oxides in the gasifier slag to 
form a complex layer structure at the refractory/slag interface, as shown in Figure 5. The 
(Cr,Al)2O3 refractory grain (pt 4) interacts with surface slag (pt 1) to form a solid solution zone 
of (Fe,Mg)(Al,Cr)2O4 as illustrated by pt 2 (composition tends toward FeAl2O4). This zone forms 
at the outer surface of the refractory, which is thermodynamically caused by the underlying zone 
of (Fe,Mg)(Cr,Al)2O4 solid solution formed at the refractory/slag interface (pt 3 – composition 
tends towards FeCr2O4). In general, slag oxides of Al, Fe, and/or Mg interact with (Cr,Al)2O3

grains, resulting in the two thermodynamically stable solid solution zones (pts 2 and 3) known to 
reduce refractory wear by chemical dissolution [3].  Note that the refractory/slag interactions 
alter the chemistry of slag penetrating the refractory pores, as shown in chemistry differences 
between pt 5 (pore slag) vs pt 1 (surface slag). It is thought that if zone 3 reaches some 
maximum thickness, thought to be between 20 and 50 microns, expansion differences with the 
underlying refractory grain and the newly created spinel result in chemical spalling, limiting the 
spinel layer thickness.

a) b) 

Figure 5.  Surface microstructure and chemistry at the slag/refractory interface of a high chrome 
oxide containing refractory with no phosphate additions determined using the SEM (in 
backscatter mode) and WDX. a) is the refractory/slag interface, and b) is WDX chemistry of 
different points indicated in image “a)”.  Note that oxygen and minor elements present in low 
quantities are not listed and that the data has not been normalized.

b) Slag chemistry changes

As noted in the “spinel formation” discussion, changes in the slag chemistry occur as it 
penetrates pores of the refractory and interactions occur at the slag/refractory interface.  Those 
changes, shown in Figure 5, result from (Cr,Al)2O3 refractory grain/surface slag interactions,
causing a reduction in slag Fe and an increase in Si content in pores (pt. 5).  Continual 
interactions occur between slag iron oxide and chrome oxide in the refractory grain leading to 
the formation of a (Fe,Mg)(Cr,Al)2O4 solid solution (tending towards FeCr2O4).  The depletion 
of Fe from the slag increases Si content in it. The surface and pore slag chemistry changes are 
illustrated in the WDX chemistry of pts 1 and 5 of Figure 5, where relative Si increased from 
23.6 to 31.3 wt pct in pores vs the surface slag, while Fe decreased from 16,2 to 1.1 wt pct.

Slag chemistry changes impact slag viscosity and its ability to flow within refractory pores.
Version 7.0 of FactSageTM, a thermodynamic modelling program, and the database “Melts” were
used to predict slag viscosity at 1500oC for pore and surface slags for the different Fe oxidation 
states and the different slag chemistries listed in Figure 5.  Those calculations, presented in Table 
III, are for slag chemistries with Fe valence states of +2 and +3. In reality, the majority of slag in 
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a commercial gasifier using traditions high chrome oxide refractories (i.e. non-phosphorus
containing) would contain Fe in the +2 state.  For the Fe in the +2 state, a theoretical viscosity of 
7.6 Pa.s was predicted for the surface slag, while a value of 2570 Pa.s was predicted for the pore 
slag.  Differences may exist in the slag viscosities if slag Fe in the +3 state is present (as Fe2O3),
a condition that may be caused by phosphate additions to the refractory, which will be discussed 
later.

Table III.  Viscosities at 1500oC of pore and surface slag chemistries listed in Figure 5 b as 
predicted by version 7.0 of FactSageTM (version 7.0, database “Melts) if all Fe is present as FeO 
or as Fe2O3.

Note that the temperature going from the hot face to the cold face within a given refractory 
material, along with the refractory chemistry, also impact slag penetration depth.  The 
temperature drop, depending on the thickness of the brick, can range between 20 to 5oC/cm, with 
thinner linings having a greater temperature drop per unit distance, but also having a higher cold 
face temperature than thicker linings.

c) Two phase liquid formation

Pore slag in refractories without phosphate additions exist primarily as a single liquid phase
versus a complex multiphase structure that exists within refractory pores containing phosphorous 
additions.  Figure 6 shows pore slag adjacent to a chrome oxide grain about 0.5 mm from the
slag/refractory interface in a phosphorous containing high chrome oxide refractory.  This sample, 
also shown in Figure 4 b, had 237 days of coal slag exposure in a commercial gasifier.
Microstructure, chemical, and crystalline phase analysis of the sample was conducted using 
TEM.  Note the fine size (less than 50 nm) and the wide distribution of a spherical particles rich 
in P, Al, Fe, Ca, and Mg in the pore slag.  Only two crystalline phases were identified using 
electron diffraction in the spherical particles, AlPO4 and hexagonal FeS.  The presence of the 
spherical phases and the change in bulk pore slag chemistry caused by a reduction in Al, Fe, Ca, 
and Mg would cause overall pore slag viscosity to increase (thicken), further limiting its 
penetration into the refractory versus slag chemistry changes alone.

d) Oxidation state changes

The temperature, oxygen partial pressure, and melt chemistry in a gasification chamber impact 
the oxidation state of some phases. Two elements common in coal and petcoke carbon 
feedstock, V and Fe, are most sensitive to environmental changes, and can exist in multiple 
valance states depending on the gasification environment.  Iron can be present as FeO, Fe2O3,
and/or Fe3O4; while V can exist as VO2, V2O3, V2O5, or other possible states. Usually the 
oxidation state is determined by reduction reactions in the gasification chamber, but in 
phosphate-containing high chrome oxide refractories, a different oxidation state can exist in the 
infiltrated refractory than in the gasifier.  Oxygen can be released and maintained under the slag 
covering in the gasifier, changing (increasing) the partial pressure in refractory material at that 
location.  The O2 release occurs according to the following reaction:  4AlPO4 2O3(s) + 
2O2(g) + (P2O3)2(g); creating a stable higher oxygen content locally.  This reaction has been 
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described previously [4], and is being studied to understand its impact on slag phase valance and 
viscosity, and on refractory wear. 

Figure 6.  TEM images indicating a complex phase microstructure present in high chrome oxide 
pore slag with phosphate additions.  The sample was exposed to slag in a commercial gasifier, 
and are shown in Figure 4 b.  The spherical slag particles are high in Al, Fe, Ca, and Mg; while 
the bulk slag has become higher in Si and Al, and lower in Fe.  

The impact of the multiple wear mechanisms (spinel formation, slag chemistry changes, two 
phase liquid formation, and oxidation state changes) is to reduce refractory wear; which have 
shown the greatest reductions in the high chrome oxide refractory wear when refractories contain
phosphate additions (Figure 4 b).  Even though sample exposures were the same for the 
refractories with/without phosphate additions, refractory material with phosphate additions had 
about 100 mm in thickness remaining on removal from the gasifier, while the refractory without 
phosphate additions was estimated to be about 60 mm in thickness.  Slag penetration into 
samples shown in Fig 4 was measured by Si migration from the refractory/slag interface using 
SEM-WDX, and is shown in Figure 7.  Phosphate additions resulted in significantly less 
penetration in Figure 7 b (phosphate additions) versus no phosphate additions (Figure 7 a), 
resulting in additional wear improvements.  It is thought that two phase liquid formation and 
oxidation state changes caused by phosphates play a role in those additional wear improvements.   

Figure 7 – Penetration of coal slag into a high chrome oxide refractory test panel of brick 
with/without phosphorous additions after 237 days of commercial service as measured by WDX 
using the SEM (samples also shown in Figure 4 b). The arrow indicates the maximum depth of 
Si penetration going from the exposed hot face (gasification chamber slag exposure) to the cold 
face on: a) refractory composition without phosphate additions, and b) refractory composition 
with phosphate additions.  

1115



Conclusions

Gasification is a high-temperature/high-pressure/reducing reaction converting high carbon 
materials such as coal and/or petcoke into CO and H2 used in power generation and chemical 
production.  Impurities in the carbon feedstock become ash that melt at the high temperatures of 
entrained bed slagging gasification (1325-1575oC), causing wear of the high chrome oxide 
gasifier lining protecting the gasification chamber.  Refractory wear originates from many 
causes, with chemical dissolution and spalling being the primary ones.  The following are 
mechanisms that reduce wear in the high chrome oxide refractories with/without phosphate 
additions: spinel formation, slag chemistry changes, two phase liquid formation, and oxidation 
state changes.  A complex relationship exists between temperature, oxygen partial pressure, slag 
composition, and refractory composition in high chrome oxide refractories with/without 
phosphate additions impacting wear.  
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Abstract

In this work, ion currents of gaseous species from synthetic slag mixtures mimicking those from 
coal-petcoke feedstock were measured by double Knudsen cell mass spectrometry at a temperature 
range of 1000 °C to 1300 °C and an oxygen partial pressure of approximately 10-10 atm. The 
majority of gaseous vanadium was found to be present in the form of V2O3, whose vapor pressure 
rapidly increased with increasing petcoke slag addition to coal slag. Effects of temperature, 
vanadium content in slags, and coal/petcoke ratios, with an emphasis on vanadium and alkali vapor 
species, are discussed.

Introduction

An increased use of petcoke with/without coal as carbon feedstock in gasification has introduced 
vanadium oxide to the slag system, leading to unknown chemical and physical slag properties in 
the gasifier environment. Appreciable quantities of vapors from volatile components (including 
vanadium oxide) of the feedstock slag can interact with gasifier construction materials (such as the 
refractory liner), the radiant or convective syngas coolers, and/or thermocouple sensor; causing 
increased refractory wear, system fouling, or component failure.  

Thermodynamic databases for vanadium-containing slags are not commercially available, which 
has been in part limiting optimization of gasification operation to a trial and error basis. In order 
to enable predictions of the thermodynamic nature of vanadium slags existing during gasification,
a long-term study of experimental vanadium-bearing gasifier slags was initiated by NETL [1-5]. 
With an emphasis placed on phase equilibria of coal-petcoke mixed slags in the past [2, 5], a study 
involving thermochemical properties was needed to aid in the creation of thermodynamic 
databases for vanadium containing slag systems.  

In this work, vapor pressures of gaseous species evolved from synthetic coal-petcoke slag mixtures 
were determined using ion currents measured by double Knudsen cell mass spectrometry. Effects 
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of temperature, vanadium oxide content, and coal slag/petcoke slag ratios on the evolution of gas 
species from synthetic coal/petcoke slag mixtures are discussed.

Experimental

Synthetic slag samples used in this study were prepared from reagent grade oxide powders (Alfa
Aesar, 99.5%+). Coal slag and petcoke slag compositions were determined based on literature data
[6-8]. The mixtures were heated at 1450 °C for 1 hour in a 64 at.% CO-36 at.% CO2 gas mixture
(an oxygen partial pressure of 3×10-9 atm) at 30 ml/min, then furnace cooled to room temperature
in the same atmosphere. After cooling, the samples were ground to powders using a WC shutter 
box and stored in Ar sealed glass vials prior to designated analysis. The sample chemistry of the 
premelted slags was conducted using an inductively coupled plasma with optical emission 
spectrometry (ICP-OES) technique, with results listed in Table I. The synthetic slag compositions 
were varied from 0 to 100 wt.% petcoke slag, the balance being coal slag.

Table I. Chemistry of synthetic coal-petcoke slag mixtures used in this study 
(normalized on an oxide basis) 

A schematic image of the high temperature double Knudsen cell mass spectrometer is shown in 
Figure 1. Details of the equipment are described elsewhere [9]. A sample chamber was kept in an 
oxygen partial pressure of approximately 10-10 atm by evacuating the chamber during 
measurements. A sample and a reference substance (V2O3, 99.7%, Alfa Aesar) were placed in 
separate Knudsen cells (Mo) which were heated by Ta resistance heating elements. Temperatures 
of the samples and cells were measured by three thermocouples located in holes at the bottom of 
the cell. An atomic beam of evaporated species from the Knudsen cells was detected by a 
quadrupole mass spectrometer. For each sample, ion currents of the evolved gas species were 
measured three times at each temperature (1000 °C through 1300 °C at 50 °C increments. This 
procedure was repeated three times using different portions of the samples at each temperature for 
reproducibility.  
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Figure 1. A schematic of the high temperature double Knudsen cell mass 
spectrometer used in this work 

A vapor pressure of species i, Pi, was converted from ion current, Ii, measured from the mass 
spectrometer, using the following relationship [10]: 

=      (1)

where Si is the device dependent constant including ionization cross-section and efficiency of the 
ion detector and T the absolute temperature of a sample.

Results and Discussion

During the ion current measurements from 1000 to 1300 °C, only Na, K, and V2O3 were detected 
as vapor species evolving from the synthetic slag samples. Wang et al. reported the presence of 
vanadium based gas species V, VO, and VO2 when testing vanadium-containing slags (Al2O3-
CaO-MgO-SiO2-V2O3) at elevated temperatures [11]. The difference may be attributed to a
combination of experimental parameters; including higher temperatures (1550 – 1650 °C), lower 
vanadium concentrations (0.01 – 0.10 at.% V2O3), and higher CaO/SiO2 basicity (0.8 – 2.0).  

Vapor pressures of the species found in this study are presented in Figure 2. Absent points 
represent no vapor pressure, i.e., essentially zero pressure detected. In general, the vapor pressures 
tend to increase with increasing petcoke slag/coal slag ratios for the slag compositions studied.
Note that the vanadium concentration increases as the quantity of petcoke added as carbon 
feedstock increases. Vanadium oxide seems to promote increases in the vapor pressure of Na and 
K evolved from the slags. No Na vapor was detected for 0 wt.% vanadium oxide in the slag at 
1000 °C and 1050 °C. A slag composition based on at least 80 wt.% petcoke slag was required for 
a K vapor pressure to become detectable at 1000 °C, while it was detected in a 60 wt.% petcoke
slag at 1050 °C and a 40 wt.% petcoke slag at 1100 °C.  
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Depressions of the Na and K vapor pressures occurred toward the mid petcoke slag concentrations, 
as seen in Figure 2 (b), which becomes more apparent at lower temperatures. Nakano et al. reported 
the presence of calcium aluminosilicate and spinel in vanadium-bearing gasifier slags [1]. In the 
report, the formation of calcium aluminosilicate was only noted at 1200 °C (not at or above 1350 
°C). With more vanadium in the slag, the stability of calcium aluminosilicate shifted toward
calcium-richer possibly by vanadium atoms replacing aluminum atoms in the crystal structure.
Calcium deficiency in slag also influences slag basicity (C/S ratio), which would affect the 
immiscibility of slag at lower temperatures. The decrease in the Na and K vapors with increasing 
vanadium oxide at a low range of the petcoke slag concentrations could be attributed to the spinel 
phase (Fe(Al, V)2O4) accepting more vanadium over aluminum [1], releasing aluminum into the 
molten slag forming an amorphous aluminosilicate which incorporate alkali metals.   

Vapor pressures of V2O3 were not detected (or detectable) below 1250 °C in any of the slag 
samples. A petcoke slag concentration of at least 60 wt.% was needed to release a sufficient 
quantity of V2O3 vapor at 1300 °C, and at least 80 wt.% petcoke was needed to evolve V2O3 vapor 
at 1250 °C. The vapor pressure of V2O3 is likely related to the stability of the crystalline V2O3

phase and the saturation of V2O3 in slags.

Figure 2. Partial pressures of (a) Na, (b) K, and (c) V2O3 evolved from synthetic 
coal-petcoke mixed slags with respect to petcoke slag concentration

The effect of temperature on the partial pressures of gas species evolved from the slag samples is 
presented in Figure 3. The vapor pressures of all gas species observed (K, Na, and V2O3) tend to 
increase with increasing temperature. The Na and K curve depressions found in Figures 2 (a) and 
(b) are clearly reflected in Figure 3. The presence of vanadium oxide in slags at certain 
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concentrations (estimated between 23 – 34 wt.%) lowered the vapor pressures of alkali metals (Na 
and K) while increased that of V2O3. The vanadium effect on lowering the Na and K vapor 
evolution from molten slags is, however, minimized at temperatures higher than 1200 °C (as 
previously noted, 1250 °C is the temperature where V2O3 starts to have a measurable vapor 
pressure). In order to reduce the vapor pressure of V2O3, crystal phases that incorporate vanadium 
into them may be considered. If a linear regression is assumed, an approximation of vapor 
pressures at higher temperature would generate useful information for the gasification industry. 

Figure 3. Partial pressures of (a) Na, (b) K, and (c) V2O3 evolved from synthetic 
coal-petcoke mixed slags with respect to temperature

Conclusions

Evolution of vapor species from synthetic slags simulating mixtures of coal slag and petcoke slag 
in gasifiers was investigated using a high temperature double Knudsen cell mass spectrometry 
technique. Na, K, and V2O3 species were detected at temperatures between1000 and 1300 °C in 
an oxygen partial pressure of approximately 10-10 atm. Vapor pressures of the vapor species 
generally increased with increasing petcoke slag concentrations and temperature. Vapor pressures 
of Na and K were lowered at approximately 40 – 60 wt.% petcoke slag especially below 1250 °C, 
which was likely caused by a combination of thermodynamic parameters. Vapor pressure 
information, as thermochemical data, will contribute to the thermodynamic database development.
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Abstract 
Results from  experiments  in a  physical model  of a  steel ladle  in respect of  slag eye 
formation  during inert gas bubbling  have been compared with those obtained  by simulation  
with mathematical model , solved with Ansys Fluent software. The  influence of  gas flow rate, 
liquid metal level, thickness of slag layer, gas distribution between plugs and density difference 
between the two liquids on plume eye area   have been studied.  On the basis of experimental 
results regression equations for evaluating slag eye area have been developed. 

Keywords: ladle, secondary refining; argon blowing; spout 

Introduction 
The practice of bubbling inert gas through the bottom or side of the steel plant ladle has the 
objective of attaining thermal and compositional uniformity of steel, acceleration of the 
dissolution of alloy elements and capture as well as  flotation of non-metallic inclusions. 
However, the flow of bubbles of inert gas bursts through the slag layer, exposing molten steel to 
the atmosphere, which results in  contamination of steel due to absorption of oxygen, nitrogen 
and hydrogen from the environment. The instability generated by the plume causes 
emulsification and entrainment of top slag in the liquid steel. The intensity of thermal losses and 
chemical interactions between the steel and the atmosphere depends on the size of the plume eye 
area.  Hence the eye opening of the plume is a relevant issue in these operations. Expressions for 
eye opening in ladles as a function of gas flow rate, slag layer thickness, fluid properties can be 
found in literature (1-5). Disagreement between these studies is apparent. Also, for application of 
these and other relationships to industrial systems, estimation of properties of the slag, its 
thickness and other parameters, is required. There are difficulties in estimating the contour of the 
eye opening in actual practice as well as the values of physical parameters. This work deals with 
the comparison between measurements of eye opening as determined from physical modeling 
and CFD modelling. 

Methodology
  Parameters  of  a  1:5 scale  physical model  of  a 150 ton ladle  are given in Table I.
Table I.  Physical model parameters. 

Parameters (cm) Parameters (cm)
Model height 55 Solution height 46 (1/2 ladle 75t)

Bottom diameter 47.2 Silicon oil layer height 1; 3; 5
Top diameter 51.2 Number of plugs 1; 2

Plug diameter 2.36 Gas flow rate 10l/min; 15l/min
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To assess the influence of metal height two sets of experiments have been considered:  a half full 
ladle(75 tons) and a full ladle (150 tons).  In order to keep similarity gas flow rate was calculated 
according to : 

                                                                                                   (1) 
 
Silicone oil with a viscosity of 100cSt or 500cSt and a thicknesses of 1, 3 or  5 cm were used for 
simulating the slag. ZnCl2 water solution (density of 1300kg / m³) with higher density was 
chosen for simulating  the steel melt in addition to water. A comparison of the behavior of silicon 
oil/water and  silicon oil / ZnCl2 solution  should enable to assess the  influence of slag/metal 
density ratio on eye opening. Figure 1 outlines the experimental apparatus. Particle image 
velocimetry (PIV) was used to capture details regarding the flow field and water-oil interaction.  
A camera was installed at the top to monitor the eye movement of the plume. Ten images, 
randomly selected, were used to determine the opening area in the case of each geometry of the 
injection system, the ladle geometry and varying properties of the supernatant layer. 

  
Figure 1 . a) PIV setup for mapping the velocity  b) camera setup  for measurements involving 
the plume c) positioning of the 2 plugs for gas injection. 
 
The recirculating metal flow interacts with the slag layer and then a braking effect at their 
interface can be of influence as far as eye opening is concerned.  For simulating  the  dry slag,  a 
wooden checkered grid was used (to enable gas passing through, while keeping the braking 
effect). The mapping of velocity distribution  was  done  using  PIV technique in  a region  4 cm 
below the bath level in the ladle with the help of  Dynamics Studio Software – DANTEC which 
is  capable of analysing  280 images  in intervals of  3000μs and 10Hz capture frequency.  The 
vector map generated in the square area considered, enabled determination of the velocity profile 
of the vertical distance from the top of the liquid steel layer toward the inside. Table II lists the 
physical properties of the fluids used  for the simulation of steel melt  and slag during argon 
bubbling in the ladle and  in the physical modeling.  

Table II. Fluid properties of the physical model and the prototype   
Properties Fluids (physical model) Fluids(industry) 

Air Oil ZnCl2 Argon  Slag Steel 
Density, kg.m-3 1.225 950 1425 1.225 3000 7000 

Dynamic viscosity,  Pa.s  0.482 0.00303  0.4 0.005 
 ZnCl2/Air ZnCl2/Oil Oil/Air    

Interfacial tension, N/m 0.055 0.030 0.018    
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A mathematical model based on equations of continuity; volume conservation; conservation of 
momentum and k-ε model and some auxiliary equations have been considered for evaluating the 
velocity vectors in the ladle and the fluid dynamic behavior of the plume region.  

Continuity:                                                                                                   (2) 

     Sum of  volume fractions:                                                                                      (3)                       

Momentum equation:    (4) 

 
Effective viscosity:                                                                                             (5)                       
 
Turbulent viscosity:                                                                                             (6)  

Auxiliary equations:                                         (7)       

                                    ε                        (8)      

Where: ρ : fluid density (kg/m3) ; t : time (s);  : gradient operator; U : velocity  (m/s)  ;  : 
volumetric fraction of phase α ; Np : number of phases ;  : effective viscosity (Pa.s); B : body 
forces, gravity; μ: dynamic viscosity (Pa.s); : turbulent viscosity (Pa.s); : a constant; k : 
turbulence kinetic energy (m2/s2); : a constant; Pk : rate of production of kinetic energy due to 
buoyancy and viscosity effects; ε : rate of dissipation of turbulent kinetic energy (m2/s3); : 
constant; : constant. 
A mesh of 215,000 hexaedral elements was used in mathematical modeling . The simulation time 
was 20s in transient regime, which was sufficient to observe a stationary pattern. The time step 
was variable throughout the simulation in order to keep the Courant number close to five. This 
number reflects the portion of the cell that is crossed by the fluid in a time step. Thus, each time 
step, five cells were traversed by the fluid. Nonslipping conditions were applied to ladle walls.  
The top surface was taken as pressure outlet. Volume of fluid technique was used to describe the 
multi-phase flow. 

Results and Discussion 
The fluid dynamic behavior of the plume eye region was investigated by varying the gas flow,  
thickness of oil layer , and number of plugs for injection of air , height of the liquid column and 
density differences between oil layer and liquid layer according to Table 1. Figure 2a and 2b 
show the velocity vector map in the same area of 10cmx10cm, selected for experiments with 
PIV. In the zone of observation 1, for the case of absence of silicone oil (absence of slag), 
velocities in the surface and subsurface regions at the top of the liquid column  are in general  
higher as  indicated by red color. The decreasing velocity regions are indicated by red to yellow 
and then  to green etc. In comparison, the presence of dry slag (presence of slag) causes damping 
of the velocity field in the interfacial region and those below that, modifying the velocity profile 
in the decreasing order as denoted by the color change in the regions. Figure 2 (right) shows a 
reduction of high velocity zones at the subsurface region highlighting the braking effects of the 
slag.  The resistance to eye opening is due to the weight of the slag layer and interfacial friction. 
Although these results are significant, it is important to remember that  there are differences 
between the experimental conditions in the laboratory simulation and the  industrial conditions. 
The main difference lies in the ratio of densities between liquid steel and slag in the industrial 
ladle (  ) as against the ratio of densities of liquids namely water and silicone 
oil used in the laboratory  ( . This  
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difference can be minimized by using (as in these experiments, a water ZnCl2 solution with 
density of 1.3 g.cm-3) a higher density liquid to simulate the steel melt.  

 
 
Figure 2 . Velocity profile at subsurface region (bath height = 46cm; flow rate of gas = 15 l/min) 
a) in the absence of slag  b)  in the presence of slag  
 
The experimental data of  1445 experiments (6) were submitted to a regression analysis resulting  
in the following equation for eye opening (%O)  :  (  )           

Δ            (9)       
In the above equation,   is the oil viscosity (100 and 500cSt);   is the oil thickness(1, 3 and 5 
cm);  is the bath liquid level (46 and 71cm); Q is the gas flow rate (l/min); N is the number of 
plugs (1 and 2);  Δρ is the difference between densities of lower and top fluids (g/cm3).  
Table III shows the results of influence of the change in various parameters of the  regression 
equation given above on the percentage of eye opening area. For 10% increase in the oil 
thickness and density difference between the fluids, the eye opening area diminishes and for 
others, the gain is positive. 
Table III. Relative influence of  operational parameters on .  

   h N Q Δ  % O Parameters in regression equation (P) 
300 cSt 3cm 60cm 1 15lpm 0.45 30.77 Reference value of parameters (P) 

0.38 -3.47 5.48 1 10.91 -21.02 % gain of %O /10% increase in the value of P 
 
The effects of the investigated parameters on the plume or slag eye behavior are consistent with 
those available in the literature (1-6). The opening of the eye of the plume was simulated in 
transient state using Ansys Fluent software and  these were compared with the  measurements 
made on silicone oil -ZnCl2 system. It was observed that there was a small variation until a stable 
pattern was achieved, indicating that the steady state has been reached. The images in Figure 3 
(a) were made at 20s of the beginning of mathematical simulation. One can see that in cases with 
higher flow rates (cases 3 and 4)  slightly smaller openings result . This is probably  due to the 
fact that the process of eye opening  is still in the transient stage and has not yet reached the 
steady state. Figure 3 (b) shows results of cases 5 to 8 (two plugs).  In this case, the thickness of 
the slag layer appears to be  the most influential variable in the opening of the plume eye.  The 
number  of  plugs also influence (one eye opening for each plug; higher eye opening for two 
plugs)  the plume eye opening. The presence of an extra plug causes vortex agitation and hence 
they may have their intensity decreased by mutual cancellation. It  can be  observed that eye 
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opening area for each plug,  was slightly lower in the case with two plugs compared to the results 
of simulation with  only one plug (keeping the same flow rate per plug).  Since the total flow 
increases, although distributed between 2 plugs, the eye opening area ratio decreases with 
increasing number of plugs.  
To  make a comparison  between results from this work and those   from  the literature, the data 
analysis must be unified. From dimensional analysis and physical reasoning, it is reasonable to 
assume that the eye opening is a  function of dimensionless parameters such as Froude number, 
Reynolds number and other geometric dimensionless characters. Due to the nature of the process 
of spout formation, the proper velocity considered for the  analysis  should be the plume velocity 
( ). However the plume velocity is not exactly known but can be calculated from the equation 
developed using  experimental data from physical modeling (5).  Gas superficial velocity and 
hence gas flow rate has been used in this equation for calculating plume velocity (5).  
A comparison of data regarding percentage eye opening calculated  using  the relation developed  
in  this work and  other relations from literature  is given in Table IV.  As  can be  seen, there is a 
large discrepancy in the values computed in respect of some of the relations . It is also difficult to 
make a comparison between these values and industrial ones since in this case of  the latter, 
parameters are not clearly defined (3). However the results of % opening  calculated from the 
relation presented in this work lies in between those calculated using relations developed in 
references (2) and (3)  
Table  IV. Comparison of eye opening expressions from this work and literature (evaluated for 
the  following data ) R(ladle radius) = 1.37m ; h =3.60m; H=0.05; Q=5x (STP)m3/s ; 

 ;  =3000 kg/m3; kg/m3;   (5)). 
Correlation %Opening Ref 

 
9.92 2 

 

 

4.77 3 

 

 

46.94 4 

 

 

0.052 1 

Δ

 

7.11 This 
work 

 
Figure 4 shows the comparison of experimental results of determination of the plume eye for two 
gas bubbling plugs and flow rates of 10 l/min and 15 l/min, thickness of slag layer (silicone oil) 
of 1cm and 5cm,  with the mathematical simulations. Table V gives the comparison of measured 
and predicted eye opening for one plug after 15s for cases 1-4  in the case of physical modeling 
and CFD  simulations. Considering the transient nature of both simulations, it can be seen that 
there is significant agreement between them.  For this reason, the results of the model can be 
extended to cover industrial operations, where it is difficult to make measurements varying the 
parameters. In the case of ladle of 75 tons of steel and gas flow rate of 0.014 m3/s , the results of 
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simulation of the transient period of 20s, indicate that a larger amount of slag (2250kg) decreases 
the opening of the eye compared with the ladle  with 900kg of slag  (Figure 5).It can be seen that 
the results of numerical simulation have not shown a strong  influence  of the flow rate of gas on 
the area of the  eye opening . This is probably  due to the fact that the change in flow rate  has 
not been  significant. However , the physical model experiments support this slight influence of 
flow rate as seen in  Figure 6. 
TableV. Comparison of measured and predicted eye openings in % for one plug after 15s , cases 
1-4 
Case #1 #2 #3 #4 
Physical 
modelling  

8.6% 34.4% 7% 29.6% 

CFD 
simulation 

7.1% 22.6% 6.8% 25.2% 

 
                               (a)                                                     (b) 
Figure 3 . (a) Top view of the eye opening  cases 1-4 (1 plug); (b): Top view of the opening of 
the  plume eye   for cases 5-8 (2 plugs) ; 46 cm of liquid bath, flow rates are per plug 
 

 
 Figure 4 .Top view of the eye opening cases 5-8 (2 plugs); flow rates are per plug 
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Figure 5. Views the eye and bubble plume column for industrial cases 1 and 2 
     

 
Figure 6 .  Plume area comparison for variation of flow rate of air (1cm layer of 500 cSt oil) 
Figure 7 shows the velocity profile in the region close to the zinc chloride-oil interface, the final 
moment simulation being 20s. The velocity profiles close to the slag interface are indicative of 
an increase in the magnitude of the velocity of the gas plume region (near to + 0.1m in the x-
axis). Outside the plume the system is  relatively quieter. 

 
Figure 7. Velocity profile near the slag interface  a) one plug; symmetry plane cutting through 
the plug; b) two plugs; symmetry plane between plugs.   
 
Velocity values at the surface level are related to the mass transfer rate between metal and slag 
and also between metal and atmosphere. For example assuming validity of the assumptions 
leading to Higbie equation (7), transport coefficient at the interface (K) can be estimated from: 

1133



                                                                                                                        (10) 
where D is the diffusion coefficient of the species, Vs is the superficial velocity and R the radius 
of the ladle. Thus a strong heterogeneity at interface is expected confirming the spout as a area of 
contamination (strong mass transfer). The same behavior is expected for the industrial system as 
seen from Figure 8. 

 
Figure 8.  Expected velocity profile 5cm from metal slag interface, 1 plug; cutting from 
symmetry plane through the plug. 

Conclusions 
The opening of the plume eye is strongly influenced by the flow rate of inert gas, its distribution 
among plugs, heights and layers of slag and metal and density difference between the  liquids. 
These effects were quantified. The mathematical simulation is in a position to verify the 
experimental results and also is in a position to predict parameters important through simulation 
with industrial data of steel ladle. An expression for eye opening based on dimensional analysis 
has been developed and the eye opening predicted is compared with  the  results of other 
relations  from the literature. Models such as the one developed in this work are useful to the 
industry, since actual data regarding physical properties and operational parameters(slag layer 
tickness) are mostly unknown. This work stresses the importance of these factors 
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Abstract

Entrained flow slagging gasifiers are used to covert coal, petcoke and other carbon feedstock to 
syngas (CO and H2), which is used as a fuel in power generation or is converted into chemical 
products. During the gasification process, gasifier components such as refractory liners, syngas 
coolers, and thermocouples are aggressively attacked by corrosive slags and gases originating from 
the carbon feedstock, materials that contain arsenic, sulfur, phosphorous and other impurities;– all 
of which are in a mixed equilibrium condition during gasification. This research evaluated the 
effect of phosphorous gas generated during gasification on the corrosion degradation of Pt-Rh 
thermocouple sensor materials. Phosphorous interactions with Pt-Rhx (x = 0 – 30 wt.%) alloys 
have been analyzed isothermally at 1012 °C. Phosphorous diffusion into the alloy is discussed.

Introduction

Platinum (Pt) – rhodium (Rh) alloys are commonly used in high temperature thermocouple sensors
for slagging gasification systems. The Rh concentration in a Pt-Rh alloy is typically varied between 
0 and 30 wt.% in order to induce a  voltage difference corresponding to the temperature being 
measured. For example, a type S thermocouple consists of pure Pt and Pt – 10 wt.% Rh; a type R 
thermocouple is pure Pt and Pt – 13 wt.% Rh; and a type B thermocouple has Pt – 6 wt.% Rh with
Pt – 30 wt.% Rh [1]. While Pt is considered to be relatively inert, Pt based thermocouples often 
suffer failure in severe industrial environments. For example, thermocouples used in Integrated 
Gasification Combined Cycle power generation systems have to withstand high temperature (up 
to 1575 °C), high pressure (20-60 atm), corrosive and reducing gases, and molten slags.  U.S. coal 
used for gasification typically contains up to 20 wt.% ash [2] that may contain volatile K2O, Na2O, 
P2O5, and SO3 [3]. Some of these corrosive species are known to cause hot corrosion in
downstream parts of the gasifier and can poison Pt based sensors and catalysts, leading to materials 
failure [4,5]. 

In earlier work by the present authors, the type B thermocouple failure induced by phosphorous 
(P) rich gas was analyzed by a non-isothermal technique [6]. Two distinct failure mechanisms 
driven by the P-diffusion into the Pt-Rh alloys and dependent on Rh content were found: 1) 
intergranular diffusion in Pt – 6 wt.% Rh; and 2) intragranular diffusion in Pt – 30 wt.% Rh. The 
sensor failure occurred as grains were consumed through interactions with incoming P while grain 
boundaries liquefy due to the P-enrichment in the Pt matrix. The thermocouple failures were found 
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to occur in the temperature range of 929 – 979 oC. The current study focuses on the isothermal 
aspect of the P-rich gas interactions with Pt-Rhx (x = 0 – 30 wt.%) alloys. Effects of Rh contents 
on P diffusion into the alloys and failure kinetics are discussed.

Experimental

The experimental procedure was similar to that used in previous research [6] except, in this work, 
the isothermal exposure was conducted by a switch gas technique. Reagent grade aluminum 
phosphate powder (Alfa Aesar, USA) was used as the source of gaseous P. X-ray 
diffraction (XRD) analysis of the powder indicated 92.4 wt.% AlPO4, 7.2 wt.% AlP3O9, and 0.4 
wt.% Al2O3. The Pt – 6 wt.% Rh  and Pt – 30 wt.% Rh wires of 0.38 mm diameter studied were 
manufactured by Engelhard (USA) and were oxyacetylene welded at the point where the two wires 
were joined to build a type B thermocouple. 

The experimental setup employed in this work is schematically shown in Figure 1. The type B test 
thermocouple was placed into protection alumina tubing (3 mm ID) with the welded tip exposed 
to a P-bearing gas above the aluminum phosphate powder. Two grams of aluminum phosphate 
powder was placed in a high density alumina crucible (26 mm H × 22 mm OD × 18 mm ID) with 
two openings (4 mm × 4 mm each) on the gas inlet and outlet sides of the crucible for gas moving 
through the crucible. A high density alumina lid was used to cover the crucible. The type B test 
thermocouple and the crucible with the aluminum phosphate powder were set on an alumina boat 
within the hot zone of a horizontal CM Rapid Temp 1800 Furnace (USA). The type B process 
thermocouple (reference) was in a closed alumina protection tube placed next to the alumina boat. 

Figure 1. Schematic experimental set-up.

A heating rate during experiment was controlled using a programmable temperature controller. 
Sample temperature changes were continuously recorded by the process (reference) thermocouple 
and test thermocouple in-situ via its electromotive force (EMF). The furnace was initially purged 
with 5 vol.% O2 – 95 vol.% N2 at 100 ml/min during heating to the target temperature to prevent 
aluminum phosphate decomposition by maintaining its thermodynamic stability. After ensuring 
temperature was stabilized (60 min hold), the purge gas was switch to CO at the same rate to 
promote aluminum phosphate decomposition and release phosphorous vapors into the reaction 
zone. The test thermocouple was quenched in water at room temperature when failure was noted 
(i.e., EMF output from the sensor assembly discontinued). Immediately after thermocouple failure 
and prior to quenching, the reaction tube was purged with He at 400 ml/min for 10 min. All the 
gases used in the experiment were high purity and supplied by Matheson (USA).
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The experimental procedure was repeated with individual (independent) Pt wires with varying Rh 
content (100 wt.% Pt, Pt – 6 wt.% Rh, Pt – 10 wt.% Rh, and Pt – 30 wt.% Rh). These wires were 
quenched after 0 min, 1 min, 3 min, and 5 min of exposure in CO at the desired test temperature.
Sample exposure time to P-enriched CO gas was counted from the time when the CO valve was 
opened in the furnace system. All wires after the test were analyzed for phase changes using 
scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS, FEI Inspect 
F and an Oxford INCA WAVE spectrometer). 

Results and Discussion

Type B test thermocouple temperature readings during high temperature are shown in Figure 2.
Time 0 on the graph corresponds to the time when temperature in the hot zone of the reaction tube 
reached 1012 °C (the type B process thermocouple reported 1013 °C at that time. The deviation 
was assumed to be constant throughout the current isothermal tests.) During the 60 min thermal 
hold (before the CO gas valve was opened), the type B test thermocouple remained intact and 
consistent in the constant temperature readings. Test thermocouple readings showed dramatic 
temperature fluctuation (±200 °C) approximately 22 min after the CO gas was introduced into the 
system. After about 38 min, test thermocouple readings presented discontinuity indicating 
complete failure of the alloy (the two thermocouple alloys were no longer in contact). The result 
implies 22 min of exposure to a P-rich environment was long enough to cause failure of the type 
B Pt-Rh based thermocouple alloys at 1012 °C. Although not tested, the corrosion rate (and system 
failure) would be expected to be faster at higher temperatures and in P-richer environments.

Figure 2. Type B thermocouple temperature readings.
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To investigate interactions between Pt-Rhx and P-containing gas during high temperature 
exposure, individual Pt-Rhx wires were independently exposed to the same CO environment at 
1012 °C for 0, 1, 3, and 5 min, followed by water quenching. Temperature was controlled by the 
type B process thermocouple (set to 1013 °C for the samples to be at 1012 °C). The SEM images 
of the quenched Pt samples with varied Rh contents are presented in Figures 3-6.

Figure 3 represents SEM secondary electron images of the cross-sectioned Pt – 30 wt.% Rh alloy.
A reference alloy without any P exposure (marked as ‘0 min in P-enriched CO’) exhibits a smooth 
outer surface and no apparent damage. With 1 min of isothermal exposure to CO, phosphorous 
diffused into the grains and interacted with the Pt and Rh, forming the Rh2P phase at the gas/ Pt –
30 wt.% Rh interface. The Pt-Rh matrix was melted due to P enrichment. The averaged EDS point 
analysis of the Rh2P phase indicated 33.66 at.% P – 57.21 at.% Rh – 9.13 at.% Pt (hereafter, atomic 
percent is used for phase compositions to facilitate identification). Rh and Pt are expected to share
the same crystallographic sites in the Rh2P structure [6]. After 3 min of exposure, the phosphorous 
diffusion progressed deeper into the alloy, thickening the affected zone with larger Rh2P
precipitates. More Rh from the bulk Pt/Rh wire composition is consumed into the affected layer.
After 5 min of exposure, the Rh2P precipitates in the outer layer grew larger, with some reaching

Figure 3. SEM secondary electron images of the cross-sectioned Pt – 30 wt.% Rh alloy 
quenched after 0 min, 1 min, 3 min, and 5 min of isothermal exposure to P-enriched CO 
environment at 1012 °C. The formation of the Rh2P phase was noted in the melted outer 
layer of the alloy (gas/metal interface).

The SEM secondary electron images of the cross-sectioned Pt – 10 wt.% Rh alloy are shown in 
Figure 4. Similar to the Pt – 30 wt.% Rh alloy, the Pt – 10 wt.% Rh alloy showed no obvious 
damage unless the sample was exposed to CO gas in the presence of aluminum phosphate, which 
releases P-rich gas. After 1 min in the P-enriched CO atmosphere, phosphorous diffused along the 
Pt – 10 wt.% Rh grain boundaries, leading to grain boundary melting. The formation of Pt-bearing 
Rh2P in grains was noted, which was likely caused by interdiffusion of P and Rh from and to the 
grain boundaries, respectively. With longer exposures (3 min and 5 min), the grain boundaries 
were further widened, and the presence of the Rh2P phase became more apparent. The Rh2P phase 
formed in the grain boundaries were determined to be on average 33.71 at.% P – 57.19 at.% Rh –
9.10 at.% Pt by EDS, which is equivalent to that found in the Pt – 30 wt.% Rh alloy.
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Figure 4. The SEM secondary electron images of the cross-sectioned Pt – 10 wt.% Rh alloy 
quenched after 0 min, 1min, 3min, and 5 min of isothermal exposure to P-enriched CO 
environment at 1012 °C. 

The intergranular diffusion of phosphorous into the Pt-Rhx matrix was noted in the Pt – 6 wt.% Rh 
alloy (Figure 5), which agrees with previous results reported [6]. Rapid P-enrichment in Pt of the 
grain boundaries facilitated grain boundary melting. One min of exposure to the P-rich atmosphere 
was long enough to promote the formation of Rh2P in the grain boundaries. With longer exposures, 
more Rh was consumed from the grains, contributing to Rh2P growth. EDS analysis indicated the 
Rh2P phase composition to be on average 32.97 at.% P – 56.70 at.% Rh – 10.32 at.% Pt. The 
remaining Rh-poor Pt (due to the formation of Rh2P) in the grain boundaries was enriched with P,
further contributing to melting.  

Figure 5. The SEM secondary electron images of the cross-sectioned Pt – 6 wt.% Rh alloy 
quenched after 0 min, 1min, 3min, and 5 min of isothermal exposure to P-enriched CO 
environment at 1012 °C.

Figure 6 shows SEM secondary electron images of the cross-sectioned Pt – 0 wt.% Rh alloy. 
Phosphorous diffused into the Pt wire along the grains (intergranular diffusion), lowering the 
melting point of Pt and leading to grain boundary melting. A much more rapid widening of the 
grain boundaries was noted in the Pt alloy without Rh. After 5 min of P-rich CO gas exposure, 
structural spalling of the surface grains, or complete melting and flow from the surface would be 
possible, causing catastrophic damage of the alloy.
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Figure 6. The SEM secondary electron images of the cross-sectioned Pt – 0 wt.% Rh alloy 
quenched after 0 min, 1min, 3min, and 5 min of isothermal exposure to P-enriched CO 
environment at 1012 °C.

The reagent grade aluminum phosphate used in the study contained approximately 7 wt.% AlP3O9 

(s), which is expected to decompose forming AlPO4(s) and P2O5(g) in a reducing environment such 
as CO [6]. FactSage 6.4 thermodynamic calculations (with the FactPS database) indicate a partial 
pressure of oxygen in CO at 1000 °C would be 10-19 atm, which allows the presence of (P2O3)2 in 
the gas environment along with P2O5. These P-rich gas species are expected to interact with Pt-
Rhx alloys in the current experimental configuration, acting as sources of P in the alloys.

Binary P-Rh phase diagram available in literature (Figure 7) indicates possible formation of several 
Rh/P phases under the experimental conditions evaluated. Those phase; Rh2P, Rh3P2, Rh4P3, RhP2

and RhP3; may form in the P-Rh system at 1012 °C, depending on P concentrations. EDS analysis 
of the alloys exposed to P-enriched CO gas indicated the presence of the Rh2P
P) with about 10 at.% of Pt in it.  Similar data was reported in [6] where the Rh2P phase was 
confirmed by XRD and 33 at.% P and 10 to 14 at.% Pt. The Pt and Rh atoms were 
assumed to be substitutional and share the same crystallographic sites in PRh2, as implied by the 
(Pt + Rh)/P atomic ratio, which is close to that of the Rh2P. According to [6], PtP2 would form in 
the Pt-P system only if a sufficient P (67 at.%) is present in Pt. PtP2 was not observed in the present 
alloys under the studied conditions.

Figure 7. Binary phase diagrams of P-Rh [7].
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Conclusion 

An effect of phosphorous gas generated in slagging gasifier on Pt-Rhx thermocouple sensor 
degradation has been investigated at 1012 °C in P-enriched CO atmosphere. The phosphorous 
interactions with the Pt-Rhx alloys depended on Rh content. In the Pt – 0 wt.% Rh, Pt – 6 wt.% Rh 
and Pt – 10 wt.% Rh alloys, intergranular diffusion was dominant, while intragranular diffusion 
was governing the P transport into the Pt – 30 wt.% Rh alloys. The Rh2P phase formed in all wires 
containing Rh, causing the wire shape distortion and degradation. The pure Pt wire melted due to 
phosphorous enrichment. Overall, the Pt-Rhx wires suffered extreme degradation by phosphorous, 
which led to thermocouple failure. 
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Abstract

The viscosity was the main reason that converter smelting process of slag 
containing vanadium caused bonding converter mouth. The study on viscosity of FeO-
SiO2-V2O3-TiO2 quaternay slag system with V2O3 level varied from 5 to 15 mass % , TiO2

contents in the range from 5 to 15 mass % and three different FeO/SiO2 mass ratio in
the range from 1.4 to 2.2  is important for steelmaking. The rotation cylinder method was 
used the determinations of the viscosity .The influence of V2O3,TiO2,FeO/SiO2  ratio and 
temperature on viscosity  were investigated . It was found that the viscosity of 
compositions  with temperature  shift from Newtonian fluid to non-Newtonian fluid 
and obey the Arrhenius law. the slag viscosity increased with increasing V2O3 level ,and 
decreased with increasing temperature and FeO/SiO2 ratio. In the Newtonian fluid ,the 
viscosity of slag decreased with increasing TiO2 content . In the Non-Newtonian , viscosity 
of slag increased remarkably with increasing TiO2 from 5 to 10 mass % and  decreased 
with increasing TiO2 from 10 to 15 mass%. viscosity η0 in the Non-Newtonian fluid could 
obtain by extrapolating  viscosity of Newtonian fluid ,viscosity  η for Non-Newtonian 
fluid  could be measured by the Einstein-Roscoe type equations . The measured viscosity 
fit with the experimental data in the Non-Newtonian fluid .

1. Introduction

Vanadium is an important metal used extensively and largely in manufacturing micro-
alloyed steels etc.[1] Iron and steel making industries consume about 85% of total vanadium 
production annually .[1,2] Vanadium slag from some pyrometallurgical process is the 
world’s principal raw material for vanadium production.The main pyrometallurgical 
processes for production of vanadium slag include shaking ladle process in South Africa,
hot metal ladle process in New Zealand ,and converter process in China and Russia .[1]
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Previous studies on vanadium containing slag systems were focused on determination of 
vanadium oxidation states,thermodynamic activity of vanadium oxide and phase equilibria . 
LiJun Wang [3] studied determination of vanadium valence state by high-temperature mass 
spectrometry. Yang Yang [4] studied effect of basicity ,temperature and oxygen partial 
pressures for phase equilibria in CaO-SiO2-MgO-Al2O3-V2O3 slags . Jinichiro Nakano[5] 
reported phase equilibria of synthetic coal-petcoke slag and results an isothermal phase 
diagram 

Viscosity is one of the important properties of iron and steel making industries slag 
and is very sensitive to compositional and temperature changes . Viscosity data with regard 
to slags containing vanadium oxide were rare and scattered . Zeng [6] investigated   
viscosity of FeO-SiO2-V2O3-TiO2-MnO with  V2O3 level varied from 15 to 35 mass % ,  
and three different FeO/SiO2  mass ratio  in the range from 1.5 to 2.5 . but  didn’t care 
about the effect of TiO2 effect and was short of  viscosity of high temperature . Moreover  
zeng didn’t report effect of spinel crystallization behavior  on viscosity at Non-Newtonian 
fluid.  Study  of the solid-liquid two-phase viscosity was important for industries slag . 
Anne-Marie studied that rheology of crystal-bearing silicate melts is primarily determined 
by the crystal fraction ,[7] Liushun Wu [8] studied that that Einstein-Roscoe model could 
even be employed for particles having irregular shapes . Alex kondratiev employed the 
thermodynamic computer packing F * A * C * T to model  viscosities of the partly 
crystallized slags . [9] The traditional research methods of viscosity containing solid particle 
were to add high-melting solid particle to pure liquid fluid  , therefore , volume fraction 
of solid particle and viscosity of solid-free particle were known .the slag containing 
vanadium viscosity study of crystallization process has not been reported . 
The systematic study on viscosity of containing slag is necessary . The main chemical 
compositions of vanadium slag were FeO , SiO2,V2O3,TiO2 . The study on viscosity of 
FeO-SiO2-V2O3-TiO2 quaternay slag system is important for steelmaking. The rotation 
cylinder method was used the determinations of the viscosity. 

2. Experimental 

2.1.Materials and sample preparation 

The starting materials in this study, viz.SiO2,V2O3,TiO2 were Analytical-grade powder, 
with SiO2 and TiO2 calcined  for 12h at 1273K in a muffle furnace to decompose any 
carbonate and hydroxide before use while V2O3 were dried at 378K for 4h to remove any 
moisture and kept in a desiccatore. Mixed powder of analytical pure Fe and Fe3O4 were 
contained in steel dies and compacted under a pressure of 12MPa, pellts were placed in an 
iron crucible and heated at 1373 K for 12h to form FeO. The similar way was reported by 
Wang et al [10] .The composition of slag sample for viscosity measurement were listed in 
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table .Slag sample were weighed and mixed in an agate morter ,and then compacted into 
pellets under a pressure of 12MPa, pellets obtained  was placed in a Mo crucible . 

2.2.Viscosity measurement  

Rotating cylinder method was used to the viscosity measurement. The Mo 
crucible ,filled with 160g of the prepared slag sample, was placed in the viscometer,  
heated to 1793K and held for 120min under high pure grade argon gas flowrate of 3L·min-

1.  The height of  molten slag was  about 40mm, then the spindle was immersed into 
the slag  and kept at a distance of 10 mm above the crucible bottom.The crucible and the 
spindle must be properly aligned along the axis of the viscometer, because a slight deviation 
from the axis can cause large experimental errors. 

The viscosity measurements were carried out at every 20K interval on cooling and  
held for 30 min for the next measurement to guarantee the melt uniform. At each 
temperature ,the different rotating speeds range from 100 to 200 rpm, distinguishing the 
molten was Newtonian fluid or not. The average measurement value was adopted as the 
viscosity value. After completing the viscosity measurement , the Mo crucible containing 
vanadium slag was quickly withdrawn and then quenched in water . 

Table  slag composition for viscosity measurement /wt-% 

Slag FeO SiO2 V2O3 TiO2 FeO/SiO2 

A1 54.64 30.36 10 5 1.8 
A2 51.43 28.57 10 10 1.8 
A3 48.21 26.79 10 15 1.8 
B1 54.64 30.36 5 10 1.8 
B2 51.43 28.57 10 10 1.8 
B3 48.21 26.79 15 10 1.8 
C1 46.67 33.33 10 10 1.4 
C2 51.43 28.57 10 10 1.8 
C3 55.00 25.00 10 10 2.2 
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3. Result 

3.1 Effect of TiO2 

 

 

   
 

     

 
The effect of TiO2 on the viscosity of the FeO-SiO2-V2O3-TiO2 slags were presented 

at figure 1 from which it can be seen that the Arrhenius law is obeyed and the viscosity 
decreases as increasing the TiO2 level . In the Newtonian fluid ,the  viscosity of slag 
decreased with increasing TiO2 content from 5 to 15 mass%. In the Non-Newtonian , 
viscosity of slag increased remarkably with increasing TiO2 from 5 to 10 mass % and  
decreased with increasing TiO2 from 10 to 15 mass%.  Guanghua Wen  reported that the 
viscosity increased with the TiO2 content increasing from 6 to 10 mass-% [11] .Zhen Wang 
also reported when the viscosity increased with the TiO2 content increasing from 5 to 10 
mass-%. [12] X.J.Dong reported that viscosity at high temperature decrease with increasing 
TiO2 from 23 to 42 mass-%  and viscosity at low temperature increased with increasing 
TiO2 . The ionic radius of Ti4+ , Si4+ were 0.68×10-10m ,0.41×10-10m respectively. The 
electrostatic potential of Ti4+ ,Si4+ were 1.85I, 2.51I ,respectively , so the bond between 
Ti4+ and oxygen is weaker than that between Si4+ and oxygen, leading to the 
depolymerisation of the oxygen ion.[13]  the viscosity decreased as increasing the TiO2 
content in Newtonian fluid . In Non-Newtonian fluid , the viscosity increased as increasing 
the TiO2 content ,which is mainly due to high crystallization temperature. 

3.2 Effect of V2O3 

The effect of V2O3 on the viscosity of the FeO-SiO2-V2O3-TiO2 slags were presented 
at figure 2 from which it can be seen that the Arrhenius law is obeyed and the viscosity 

Figure 1  Viscosity variation of composition A1,A2,A3 

with temperature and the rotation speed of 200rpm 
Figure 2. viscosity variation of composition B1,B2,B3 

with temperature  and  the rotation speed of 200rpm 

1146



 

increases as increasing the V2O3 level. The  crystallization temperatures increased with 
the increasing V2O3 concentration , which is mainly due to high melting point of V2O3 . 

3.3 Effect of FeO/SiO2 ratio 

 
Figure 3. Viscosity variation of composition A1,A2,A3 with temperature and the rotation speed of 200rpm 

The effect of FeO/SiO2 ratio  on the viscosity of the FeO-SiO2-V2O3-TiO2 slags were 
presented at figure 3 from which it can be seen that the Arrhenius law was obeyed and 
the viscosity decreasesd  as increasing the FeO/SiO2 ratio.   

3.4 Effect of temperature  

    The effect of temperature on the viscosity of the FeO-SiO2-V2O3-TiO2 slag were 
presented at figure 1,2,3, and it shows that viscosity of the slags decreases with temperature 
increasing . Activation energy of  different slags were listed  in table ,In Newtonian 
fluid ,the activation energy increase as increasing the TiO2 ,V2O3 and decrease as increasing 
the FeO/SiO2 ratio. The was no obvious difference of activation energies for different 
compositions with or without solid particle.[14] 

Table  Activation energy of different slags in Newtonian fluid 
sample A1 A2 A3 B1 B2 B3 C1 C2 C3 

Activation 
energy/KJ

min-1 
(200rpm ,i
n 
Newtonian 
fluid) 

271.50 276.93 290.7
2 

134.8
4 

276.9
3 

405.4
6 

- 276.
93 

266.2
2 
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4. Discussion

There is general consensus that viscosity of Newtonian fluid do not  change as 
different rotation speeds . Figure 5,7 indicated that viscosity decreases as the rotation 
speed increases and deviate from Newtonian fluid on account of solid melt supspension 
rather than to experimental error ,which shows the viscosity of composition A1  with 
temperature  shift from Newtonian fluid to non-Newtonian fluid  and obey the 
Arrhenius law .[15] It is indicated from Figure .4, 6 that viscosities are in good agreement 
with the Arrhenius law at different temperatures for C3 and C1 melts. In  Newtonian 
fluid , The activation energies of viscosity  is almost not affected by the rotation speed. 
Figure 8 9 were the scanning micrograph of the quenched samples A1 and B3 in the 
middle position along the central axis of crucible , from which it can be concluded 
that solid particle formed during the viscosity measurement. 

Figure 4.Viscosity variation of composition A1 with temperature

and the rotation speed

Figure 5.Viscosity variation of composition A1 with temperature

and the rotation speed

Figure 6.Viscosity variation of composition C3 with 

temperature and the rotation speed

Figure 7.Viscosity variation of composition C1

with temperature and the rotation speed
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The general consensus is that the Einstein-Roscoe type equations were used to
describing the viscosity of two-phase systems adequately ,that is 

(1)

where η and η0 were the viscosity of the solid containing and the solid-free melts 
respectively ; is the volume fraction of solid particles in the melt ; a and n were `1.35 
and 2.5 for spherical particles of a uniform size ,respectively .
According to the experimental results , the viscosities are in good accord with the Arrhenius
law for Al and B3 in Newtonian fluid . the viscosity of Al and B3 deviate Newtonian fluid 
at lower temperature . If the rheology of Al and B3 are fully liquid slags and obey the 
Arrhenius law at measured temperature range , viscosity η0 in the Non-Newtonian fluid 
could obtain by extrapolating  viscosity of Newtonian fluid. the volume fraction of solid 
particles was determined by micrographic analysis.[15] therefore , viscosity  η for Non-
Newtonian fluid could be measured by the  the Einstein-Roscoe type equations . 
Meanwhile , The NPL model relates the viscosity of slags to structure though the OB of 
the melt and were used to calculated viscosity of A1 and B3 .[16] The Figure 11, 12 showed 
that viscosity predicted  by Einstein-Roscoe type equations better than NPL model .

Figure 8.Micrograph of the quenched slag for A1 Figure 9.Micrograph of the quenched slag for B3
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5. Conclusions

1. The viscosity of the FeO-SiO2-TiO2-V2O3 system with TiO2 between 5 and 15 –
mass %, V2O3 between 5 and 15-mass% ,and FeO/SiO2 mass ratio between 1.4
and 2.2 was measurement at temperature 1527K to 1791 K.  the slag viscosity
increased with increasing V2O3 level ,and decreased with increasing temperature
and FeO/SiO2 ratio. In the Newtonian fluid ,the  viscosity of slag decreased with
increasing TiO2 content . In the Non-Newtonian , viscosity of slag increased
remarkably with increasing TiO2 from 5 to 10 mass % and  decreased with
increasing TiO2 from 10 to 15 mass%.

2. In Newtonian fluid ,the activation energy increase as increasing the TiO2 ,V2O3 and
decrease as increasing the FeO/SiO2 mass ratio.

3. In Non-Newtonian fluid , viscosity predicted  by Einstein-Roscoe type equations
better than NPL model .
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Figure 10. Measured and measured vlues of 
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Abstract

In industrial submerged arc furnaces, SiO in the off-gas from the furnace leads to Si losses that 
reduces Si yield and thereby increases specific energy consumption. An understanding of 
formation of SiO gas and condensation of this gas to form solid / liquid SiO2 in industrial furnace 
is important for improving Si yield and reduce formation of dense layers in a charge that 
generate operational challenges. Understanding of these mechanisms is also vital for an 
enhanced energy recovery from smelters.  Two main goals of this research was to: 
a) verify a system designed to extract gaseous samples from the charge of a SFA,
b) capture and analyze industrial SiO gas condensates.
This paper presents the industrial trial on capturing SiO gas and initial analysis of the samples 
taken from a 33 MW Si furnace.

Introduction

The production process for silicon has constantly improved with respect to health, safety and 
environmental aspects because of improved process understanding, process design, operation and 
quality control. The notion of a closed furnace has often been discussed as it may provide several 
advantages, such as improved Si recovery, reduction of electrode consumption and carbon 
requirements [1],[2]. Additionally, it may enable a more efficient recovery of the energy from
the flue gas. A comprehensive recovery of energy requires a safe and effective way of 
transferring the flue gas from a furnace to a heat recovery unit. Such a concept entails mitigation 
strategies for clogging and fouling by dust and SiO condensates. This, in turn, calls for increased 
understanding of conditions and mechanisms for condensation of SiO-gas in industrial 
conditions. The SCORE research program (NFR 226210), performed by The Norwegian 
Ferroalloys Research Association (FFF), SINTEF and The Research Council of Norway (RCN) 
is focusing on the recovery of energy from metallurgical furnace particularly handling of 
unburned off-gases, containing CO, SiO, tar components and other effluents, from a submerged 
arc furnace.  
The most common metallurgical route for Si-production involves carbothermic reduction of SiO2 

in a Submerged Arc Furnaces (SAF). The Si-reduction process requires temperature above 1800 
°C hence electrical energy consumption in the order of 11-13 MWh per ton of produced metal 
[3]. Three submerged electrodes provide electric energy to the charge mix. Si-production 
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reaction (Equations 3) occurs close to the electrode tip, in the so called crater zone. Close to the 
crater zone reactions (Equations 1 and 2) characterizing SiO- and CO-production take place: 

2SiO2(s,l) + SiC(s) = 3SiO(g) + CO(g) (1)
SiO2(s,l) + Si(l) = 2SiO(g) (2)
SiC(s) + SiO(g) = 2Si(l) + CO(g) (3)

The produced gases travel upwards in the permeable charge towards the charge surface. Within 
the charge SiO is recovered either by reaction with carbon materials (equation 4) or by 
condensation reactions (Equations 1rev and 2rev): 

SiO(g) + 2C(s) =  SiC(s) + CO(g) (4)
3SiO(g) + CO(g)= 2SiO2(s,l) + SiC(s) (1rev)
2SiO(g)  =  SiO2(s,l) + Si(l) (2rev)

CO and some of either converted or condensed SiO gas will reach the charge surface, enter the 
furnace hood and react with the O2 from the surrounding air. 
Comprehensive work during the recent years consider SiO gas condensation mechanisms. 
Tangstad et al. [4] simulated the interior of SAF by heating SiC and SiO2 in graphite crucible. 
Usage of an induction furnace allowed creating the temperature gradient inside the crucible 
(1400 ºC on the top of the charge and 1900 ºC on the bottom) which corresponds to real 
temperatures inside a commercial reactor. The same experimental set up was used by 
Vangskåsen [5] [6] [7] and Ksiazek [8] to investigate the SiO gas condensation reaction 
mechanism and cavity formation in a silicon production process. Based on previous work,
condensation occur between approximately 1435 °C and 1700 °C two types of condensates are 
observed: brown and white condensates [9]. The brown deposit consists of a SiO2 matrix with Si 
droplets, which can constitute of 5 to 15 % of the total silicon production inside the furnace [10]. 
White condensates are a mixture of SiO2, Si and SiC and occur either as a white, dens layer or as 
deposition of whiskers [8]. All previously mentioned studies focused on capturing the SiO inside 
the charge mix in an open crucible where remaining gas burned off on the charge surface. 
Ksiazek et al. [10] investigated the deposition of SiO gas condensates in a closed reactor in an 
inert atmosphere, which simulates conditions in a closed Si furnace. Both white and brown 
condensate deposited at temperatures above 1300 °C, which is the temperature on the top of the 
charge in industrial furnace.  
The current paper presents results from three industrial test where off gas containing SiO was 
extracted through a metal lance from the silicon furnace.  

Experimental

Equipment
The measuring lance consisted of a five meter long Kanthal APM (FeCrAl alloy) tube with ID 
35mm for the high temperature part joined together with a 3 meter long steel pipe for the low 
temperature zone. In figure 1 the schematic drawing of the experimental set up is presented. At 
the front of the lance, a graphite crucible at that the tip of the lance duct was directed 90 degrees 
down towards charge surface. For evacuation of the process gas an ejector pump was used, and 
compressed air was connected via a control valve to control the amount of air through the lance. 
At the end of the lance a CO/CO2 analyser was installed before the flue gas was mixed with air 
for suction; finally a 142 mm diameter large filter (Millipore) was applied to collect particles 
extracted from the furnace. Temperature was measured in three different areas of the lance. For

1154



measuring the gas temperatures three K type thermocouples were set on the front of the lance 
with distance 30cm from each other (T1, T1, T3). Temperature was also measured in the ejector 
before (T4) and after (T5) the injection of  air to the furnace gas. Additionally, the temperature 
on the surface of the charge was monitored by thermocamera (FLIR ThermaCAM SC640 ) In 
order to limit the problems related to strong electromagnetic field near the electrodes that causes 
temperature measurement problems the thermocouples had an Inconel sheath surrounding wires 
with insulated hot junction. Additionally shielded compensation cable (for high-frequency noise) 
with twisted leaders (against low-frequency noise) was used. A filter, made of steel wire mesh 
(1mm) was mounted at the end of ejector for particle/condensate collection. Separate data 
loggers were used for temperature measurement and gas analysis because the risk of large 
potential differences between the individual measuring points that can affect the measurements. 

Figure 1. Experimental set up.

Figure 2. Test number 1. Lance inserted to the furnace. 

Procedure
Three tests were performed by inserting the lance into the furnace hood through the stacking 
doors. Lances were placed in area an between electrode 1 and 3. Three different lance 
arrangement were applied: 1) lance placed on the charge surface, 2) lance submerged in the 
charge, 3) lance directed into a SiO gas blow. Additionally, different velocity of compressed air
and duration time of test were used. During the experiment 3 the initial gas velocity was 7 m/s, 
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however due to a large amount of CO gas released to the working area, velocity was reduced to 5 
l/m. Experimental conditions are listed in Table 1. After the experiments the lances were filled 
with epoxy for preservation. Then lances were cut along for visual observation of deposited 
material. Representative samples were collected from each lance and investigated with Electron 
Probe Micro Analyzer (EPMA). 

Tab 1. Experiment conditions.* Parameters were change during the test.
Test Lance location Duration Gas velocity

1 On the charge 30min 5m/s
2 Under the charge 60min 2.5 m/s
3 SiO gas blow 30min 7-5 m/s*

Results and Discussion 

Deposition of SiO condensates
Aim of this work was to verify the experimental design for capturing the SiO gas from industrial 
Si furnace with temperature on the top of the charge of around 1300 °C and higher. The smelting 
point of the lance was above 1500 °C, and maximum working temperature for the thermocouples 
located at the front is 1370 °C. Thus based on data from thermocouples the duration of the 
experiment was determined. Signal loss indicated that the lance met the SiO gas jet and smelt 
completely. Graphs presented on Figure 3 shows the temperatures measured at front of the lance 
and CO/CO2 concentration of the extracted gas for Experiment 1 to 3. During Test 1, the lance 
was positioned on top of the charge; initially the temperature reaches around 1350 °C and then 
slowly decreases. It is worth to mention that the furnace was fed during the test, thus after some 
time some charge material covered the lance which could cause the temperature drop. Similar 
situation are observed during Test 2 where the experiment lasted approximately one hour. In this 
case the lance was actively submerged inside the charge mixture, because of natural sinking of 
charge downwards the crater zone the lance was positioned around 1 m below charge. During 
Test 3, where the aim was to meet the SiO gas blow, the signal from thermocouples were lost 
just after insertion of the lance into the furnace. In Test 1 and 2, CO2 concentration decreased as 
the lance sinks with the charge downwards. However CO concentration changes during the 
experiments probably due to uneven gas distribution inside the charge. Nerveless, towards the 
end of Experiment 2 the lance was deep in the charge and the gas almost consist entirely of CO. 
The last picture in figure 3 shows a thermal picture of the temperatures inside the furnace before 
the probe reaches blowing zone. 
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Figure 3. Measured temperature and CO/CO2 concentration during the tests
.
As shown in Figure 4, lances 2 and 3 were smelted during the experiments. Deposition of black 
dust-like material was observed inside all of the lances, some quantity of dust was captured on 
the wire filters (top Figure 5) and plane filters of the gas analyser (bottom Figure 5). Samples 
from the front (a), middle part (b) and the end (c) of each lance was tested with EPMA and are 
presented in Figure 6-8. 

Figure 4. Lances after experiments Figure 5. Dust deposited on the lance filters (top) and of gas 
measurement filters (below).
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Figure 6. EPMA image of deposition found inside the lance after the experiment 1. a)-front, b) middle, c) end of 
lance.

Figure 7. EPMA image of deposition found inside the lance after the experiment 2. a)-front, b) middle, c) end of 
lance.

Figure 8. EPMA image of deposition found inside the lance after the experiment 3.a)-front, b) middle, c) end of 
lance.

Depositions were observed inside the lance for all experiments. Depositions seems to have a
layered structure and its thickness vary considerably between experiments. No deposition was 
observed in the front part of the any of lances. Even during Experiment 1 where the temperature 
in the front of the lance was not higher than 1370°C, it was postulated that where SiO gas should 
condensate in this location. Deposition starts to occur around 1.5 m from the beginning of the 
lance. Lances during Test 2 and 3 were smelted, indicating that the temperature was higher than 
1550 °C. Layers become ticker towards the end of lance where temperature was lower in 
comparison to the front. Please note, as presented on figure 2, the end (ca. 1m) of lance was 
outside of the furnace, while the rest was located on the charge surface. Thus, thermocouples 
located inside the lance more likely show the local charge temperature than the gas temperature. 
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That will explain that the temperature measured by the front thermocouple (T1) is lower than 
those measured by thermocouple T3 located 60 cm from the tip of the lance.   
Depositions are quite porous and easily penetrated by epoxy. Depositions consists of carbon, 
oxygen and silicon. Figure 9 presents a mapping image with concentrations of each element 
inside a layer. It shows that the deposition is a mixture of carbon and SiO2 is present in the 
whitish areas. No particles from the charge such as small pieces of quartz or coke were found 
inside the lance. SiC can also be present but due to high carbon content of the cured epoxy resin, 
it is difficult to distinguish these two components by using the EPMA. The white droplets 
presented in Figure 10 are most likely Si droplets produced during the SiO gas condensation 
reaction (2rev). The accurate point analyze by using energy dispersive spectrometry (EDS) was 
also difficult to carry out, due to its small size.  However, similar formation of Si droplets was 
reported previously by various authors [4, 10] 

Figure 9. EPMA mapping image of sample from lance 2.

Figure 9. Image taken from sample from lance 3. 
Round circles are most likely Si droplets produced 
during SiO gas condensation.

Conclusion 

The verification of an experimental set-up for capturing SiO gas from Si furnace was 
successfully carried out. The principle of using an ejector pump to extract the gas from the 
charge is a safe and efficient solution. Application of temperature and gas measurements gave 
indication about temperature distribution and gas composition on the surface of charge and 
approximately 1m below the top of the charge. Extraction of gas from a SiO blow was performed 
too, but the life-time of the lance is rather limited. 
Porous layer containing carbon, SiO-gas condensates and Si-droplets are deposited on the 
internal walls of the lances approximately 1.5m from the front of the lance in all experiments, 
However, more extensive characterisation of the deposits must be performed to identify 
deposition mechanics and condensation reactions. 
Lances were located in the area between electrodes 1 and 3. Temperature of the charge, but more 
over the local gas distribution (SiO gas blowing) caused smelting of the tip of the lances. That 
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shows how temperature distribution vary locally on the surface of the charge. Temperature 
record of Test 1 can indicate that the temperature below the charge is lower than temperature just 
above, where most of the heat comes from combustion of process gases.  
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Abstract 

An electrochemical cell containing molten Li2CO3-Li2O has been proposed for the conversion of 
the greenhouse gas CO2 to CO, which can then either be used to power gas turbines or converted 
to methanol. Since efficient electrolysis takes place at 900oC, the materials which can be used in
such a cell must satisfy stringent requirements. In the current work, we have examined the static 
corrosion resistance of zirconia, beryllia and magnesia ceramics at 900 °C in the Li2CO3-Li2O
mixture and in a Li-Na-K carbonate eutectic mixture with the ultimate objective of identifying 
suitable electrically insulating materials. Conclusions regarding material stability were based on 
elemental analysis of the melt, primarily via X-ray photoelectron spectroscopy, a particularly 
sensitive technique. It was found that magnesia is completely stable for at least 33 hrs in a 
Li2CO3-Li2O melt, while a combined lithium titanate/lithium zirconate layer forms on the 
zirconia ceramic as detected by XRD. Under the same melt conditions, beryllia shows 
considerable leaching into solution. In a Li-Na-K carbonate eutectic mixture containing 10.2 
mol% oxide at 900°C under standard atmospheric conditions, magnesia showed no signs of 
degradation. Stabilization of the zirconia content of the eutectic mixture at 0.01-0.02 at% after 2 
hrs is again explained by the formation of a lithium titanate/ lithium zirconate coating. On the 
basis of these results, we conclude that only magnesia can be satisfactorily used as an insulating 
material in electrolysis cells containing Li2CO3-Li2O melts. 

Introduction 

Electrochemical reduction of CO2 to CO is one of the very attractive routes for converting 
electrical energy from renewable sources into fuel which may be stored for later use [1-4]. CO 
can be used in any standard gas turbine to generate electricity, or it can be converted into 
methanol via a well-established chemical pathway. The technique for CO2 to CO conversion that 
we recently described is based on the electrolysis of molten Li2CO3 at 900 °C using a Ti cathode 
and a graphite or Ti\TiC\C [5-7] anode. Upon melting, Li2CO3 converts to a Li2CO3/Li2O 
mixture, in which the content of Li2O (up to 18 at %) is controlled by the pressure of CO2 in the 
environment [7]. Electrode reactions in carbonates are in general complex and multi-stage [8-
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12]. The material-charge balance of the cathode reaction during the electrolysis of molten 
Li2CO3 at 900 °C with a Ti cathode is [6]: 
 

    -2-2
3 O2CO2CO �;#� e . (1) 

 
The mechanism of the anode reaction has not yet been identified: neither anode material, 
graphite or Ti\TiC\C, degrades during electrolysis and the overpotential does not exceed a few 
tens of mV even for very large current densities (>1.5 A/cm2) [5]. The material-charge balance 
of the anode reaction is: 
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found in the anode gases even when the concentration of Li2O is only ~2at% [6]. Thus, a Li2CO3 
electrolysis cell operates via the self-replenishing cycle: 
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The electrochemical conversion of CO2 to CO via electrolysis of molten Li2CO3 has a number of 
advantages compared to alternative CO2 reduction pathways [6,7]: (i) High thermodynamic 
efficiency (the ratio of the energy supplied with respect to the energy used to drive the reaction) 
is not uncommon for electrolysis with gaseous products. The entropy term TΔS is positive, 
thereby reducing the decomposition potential below that of the isothermal point: the 
decomposition potential of Li2CO3 is 0.87 V at 900 °C, which is approximately 30% lower than 
the isothermal voltage (1.28 V at 900 °C) (ΔG = 246 kJ/mol). This implies that a significant 
fraction of the heat of reaction can be converted to chemical energy, thereby compensating for 
ohmic losses. Thermodynamic efficiency close to 100% may result. (ii) Since the Li2CO3/Li2O 
melt is free of precipitate at 900 °C in the presence of ~ 2 at% CO2 [7], dilute sources of CO2 can 
be used. (iii) The CO2 to CO conversion is not affected by the presence of water in the incoming 
gas. (iv) Noble metals and solid electrolytes are not required, only welded Ti; therefore, process 
scale-up is more economically achieved than with a number of other technologies. (v) The 
electrolysis products are physically separated from each other, both within the cell and upon 
outflow. (vi) The method is tolerant to the presence of sulfur in the incoming gas: any sulfur 
entering the system is eventually converted into sulfate and then removed by electrolysis [13]: 
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Consequently, sulfur-containing flue gas from power stations can be used as the source of CO2.  
However, despite all these advantages, the CO2 to CO conversion by electrolysis of molten 
Li2CO3 faces problems of material compatibility. Electrolysis proceeds efficiently only between 
850-900 °C, and at these temperatures, the Li2CO3/Li2O melt is very corrosive (e.g., it dissolves 
alumina, Pt and Au) [6,14] . Although the melt is readily contained in a welded Ti container [13], 
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practical application requires construction of multi-cell devices in which insulating materials 
would play a dual role: (i) for the construction of high-temperature, feed-through electrical 
connectors and (ii) for the construction of bipolar electrodes (one surface anodic, the other 
surface, cathodic). Bipolar electrodes are the most common solution for connecting cells in series 
in order to reach the required voltage. In this way, improved matching to power sources may be 
accomplished. High melting point ceramics are obvious candidates and in the present study, we 
report the results of static corrosion testing of zirconia, beryllia, and magnesia ceramics in 
molten Li2CO3/Li2O. 

Experimental 
 

Ceramics were obtained from the following sources: partially yttria-stabilized zirconia (YSZ) 
from Retsch GmbH (5.2% Y2O3, other oxides < 0.3%, ~1at% Hf); beryllia (99.5 at%) and 
magnesia (>99.9 at%) both from The Institute of High Temperature Electrochemistry of the Ural 
Branch of the Russian Academy of Science. Of these, beryllia is the most costly and zirconia, the 
least costly. Beryllia and magnesia were in the form of thin, ceramic plates with a total surface 
area of 100-120 mm2 while the partially yttria-stabilized zirconia sample had the approximate 
shape of a short sphero-cylinder with diameter ~ 12 mm, length ~ 9 mm and surface area 550-
600 mm2. The crystal structure of the pristine zirconia sample is tetragonal; following immersion 
in the melt, a phase transition to monoclinic takes place. The cooled sample displays bi-phasic 
behavior, characteristic of weakly doped ZrO2. The ceramic samples were immersed in 100 
(±5%) cm3 of the Li2CO3 melt (Acros Organics), or of a Li-K-Na carbonate eutectic, in a 
titanium container for 2 to 33 hrs at 900 °C. For preparation of the eutectic, Na2CO3 and K2CO3 
were obtained from Alfa Aesar. Prior to the immersion of the ceramics, it was verified that the 
melt did not contain detectable amounts of Mg, Zr or Be. Mg may pose a particularly serious 
problem as some commercially available sources of Li2CO3 contain 0.5-100 mg/kg of Mg 
(depending on the purity [15]). Upon heating, Li2CO3 converts to a Li2CO3/Li2O mixture 
releasing CO2. In 1 atm CO2 the concentration of Li2O in the Li2CO3/Li2O mixture is >0.2 mol% 
[7]; in air, the concentration of Li2O reaches > 18mol%. Probes (0.1-0.4 3cm ) of the melt were 
taken using a cold rod and their content analyzed by energy-dispersive X-ray spectroscopy (EDS, 
qualitative analysis) and X-ray photoelectron spectroscopy (XPS, quantitative analysis) to 
determine the elemental composition (Table 1).  
We found experimentally that this approach is far more sensitive than measuring weight loss 
after separating the ceramics from the solidified melt. EDS measurements were made on a Leo-
Supra scanning electron microscope (SEM). XPS measurements of the Li(1s), C(1s), O(1s), 
Na(1s), K(2p), Mg(1s), Be(1s) and Zr(3d) core levels were carried out with the Kratos AXIS 
ULTRA XPS system using a monochromatic Al K� X-ray source (h? = 1486.6 eV) at 75W and 
detection pass energies ranging between 20 and 80 eV. A low-energy electron flood gun (eFG) 
was applied for charge neutralization. Depending on the shape of the background, either a linear 
or Shirley background [16] was used to extract the surface concentrations of the different 
elements. Curve fitting analysis was based on background subtraction and use of mixed 
Gaussian-Lorentzian line shapes [17,18]. Powder X-ray diffraction (XRD) patterns were 
measured on a Rigaku TTRAXIII theta-theta diffractometer at grazing incidence (fixed angle 
4.5o) with Cu �K radiation. Phase identification and quantitative analysis was performed with 
Jade 9 (MDI, CA) with reference to the Powder Diffraction File (PDF-ICDD). X-ray 
fluorescence (XRF) was measured on a benchtop XRF ED instrument (model EX-Calibur, 
Xenemetrix, Migdal Haemek, Israel). 
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Table 1. Ceramic stability in Li2CO3+ Li2O and (Li, Na, K)2CO3 - eutectic melts at 900oC 

Material Melt 
content 

(at% 
metal) 

Melt Atmosphere 
(pressure     
1 atm) 

Duration 
(hours) 

Detection 
Method 

YSZ n.d.* Li2CO3+ Li2O (0.2 mol%) CO2 3,5,9,29,33 EDS, XPS 
YSZ n.d. Li2CO3+ Li2O (up to 18 mol%) Air 5,9,29,31,33 EDS, XPS 
YSZ <0.02 (Li, Na, K)2CO3 - eutectic with 

(Li, Na, K) oxides (10.2 mol%) 
Air 2,6 EDS, XPS 

 
MgO n.d. Li2CO3+ Li2O (0.2 mol%) CO2 2,6 EDS, XPS 
MgO n.d. Li2CO3+ Li2O (up to 18 mol%) Air 31 EDS, XPS 
MgO n.d (Li, Na, K)2CO3 - eutectic with 

(Li, Na, K) oxides (10.2 mol%) 
Air 6 EDS, XPS 

BeO 0.47 Li2CO3+ Li2O (0.2 mol%) CO2 3 XPS 
BeO 0.42 Li2CO3+ Li2O (0.2 mol%) CO2 5 XPS 
BeO 1.44 Li2CO3+ Li2O (0.2 mol%) CO2 9 XPS 

* n.d. = not detectable by either EDS or XPS 
 

Results and discussion 
 

Ceramic stability in molten Li2CO3/Li2O. 
Figure 1a (red (lower) trace) shows the X-ray photoelectron spectroscopy (XPS) measurement of 
a cold rod probe of the Li2CO3+0.2 mol% Li2O melt taken after a YSZ (Tmp=2715oC) ceramic 
sphero-cylinder had been immersed for 9 hrs at 900°C under 1 atm of CO2. The 3d photoelectron 
peaks of Zr, if present, would appear at 182.5 eV (5/2) and 184.9 eV (3/2). It is clear that the 
spectrum shows no evidence of transfer to the melt of any detectable amount of Zr. Similar 
negative results were obtained when the YSZ sample had been in the melt for up to 33 hrs (data 
not shown).  
We have also immersed YSZ cylinders in the Li2CO3- Li2O melt at 900°C in air for up to 33 hrs. 
Under these conditions, the concentration of Li2O reaches >18 mol% and Li2O begins to 
precipitate. Also in this case XPS did not reveal any Zr in a cold rod probe of the melt (data not 
shown). This implies that lithium zirconates either do not form at all or that they do form but are 
not soluble in the melt and remain on the surface of zirconia. In order to verify which possibility 
is the correct one, grazing incidence XRD measurements (4.5o) were made on zirconia samples 
which had been in the melt for 6-48 hrs (under either 1 atm air or CO2). A thin grey colored 
material shell was observed to either fully or partially cover the light yellow core. After washing 
for 24 hrs to remove the melt residue, the diffraction patterns were shown to contain 
characteristic peaks of Li2ZrO3 (Figure 1b).  

A reaction likely taking place on the surface of the zirconia ceramic: 
 
    (g) CO +(s) ZrO Li>(s)- CO Li+ (s) ZrO 232322                                             (5) 

 
has in fact been shown to proceed at temperatures above 700oC [19,20]. Following sample 
immersion for times longer than 6 hrs, the grazing incidence XRD patterns also showed evidence 
for the presence of LiTiO2 on the ceramic surface. Although XPS detected only 0.3 at% Ti in the 
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Figure 1. a) XPS spectra of cold rod probes taken from a Li2CO3/Li2O melt ( under CO2, 

red trace) and from a (Li, Na, K)2CO3-eutectic melt ( in air, blue trace) following 9 hrs exposure 
of an yttria stabilized- ZrO2 sphero-cylinder in the former and 2-6 hrs in the latter. b) Grazing 
incidence (4.5o) XRD pattern of a washed YSZ spherocylinder after 31 hours of exposure to the 
Li2CO3/Li2O melt at 900°C in air. XRD peak positions and intensities of Li2ZrO3 (ICSD 94895) , 
LiTiO2 (ICSD 28323) and monoclinic ZrO2 (ICSD 41572) are shown. c) Quantitative analysis of 
the XRD pattern from the grey colored coating of the YSZ spherocylinder after 31 hours of 
exposure to the Li2CO3/Li2O melt at 900 °C in air. 

  
melt (data not shown), quantitative analysis (Figure 1c) of the XRD pattern in Figure 1b showed 
five times as much lithium titanate as lithium zirconate. XRF spectroscopy gave definite 
evidence for the presence of Ti on the surface of YSZ samples, the amounts of which scaled with 
the intensity of the relevant XRD peaks. Interestingly, for the longer immersion times, diffraction 
from the YSZ core is weakened, indicating that the thickness of the lithium 
zirconate/lithiumtitanate layer increases with sample immersion time in the melt, thereby 
reducing the penetration of the grazing incidence X-ray beam. We tentatively attribute the 
presence of lithium titanate to the fact that the ceramic samples rest on the bottom surface of the 
titanium container, where it is known that both TiO2 and LiTiO2 layers are present [6]. Ti doping 
of lithium zirconate has been reported to take place upon mixing TiO2, Li2CO3 and ZrO2 under 
conditions similar to those which exist in the carbonate melt [21]. In the case of MgO (Tmp= 
2852oC), cold rod probe XPS spectra were measured in the region of the Mg(1s) core level (1303 
eV) following exposure of the MgO plate to the Li2CO3- Li2O melt under 1 atm CO2 for 6 hrs 
and in air for 31 hrs. No detectable amount of Mg leaching into the melt is observed for either 
sample (Figure 2a). Indeed, MgO is not known to form compounds with Li [22]. On the basis of 
these results, we were able to conclude that MgO ceramics are stable in the Li2CO3- Li2O melt at 
900 °C. By contrast, the exposure of a BeO ( mpT = 2507oC) plate to the Li2CO3+0.2 mol% Li2O 

melt under 1 atm CO2 reveals a readily detectable amount of beryllium in the XPS spectrum 
(Figure 2b). The intensity of the peak due to the 1s core level increases with time of exposure up 
to 9 hrs. By normalizing to the XPS integrated peak intensities for the total probe elemental 
content, this increase is found to correspond to an increase in Be content of the melt from 0.47 
at% at 3 hours to 1.44 at% at 9 hours, attesting to continuing BeO degradation. BeO is a highly 
amphoteric oxide with strong acidic tendencies, while Li2CO3-Li2O is strongly basic. Therefore, 
the reaction between BeO and Li2O is not particularly surprising, although no relevant 
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thermodynamic data are available. In view of the clear signs of degradation, beryllia was 
excluded from further measurement. 
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Figure 2. a) XPS spectra of cold rod probes taken from a Li2CO3- Li2O melt after 

immersion of a MgO plate: 6 hrs under 1 atm CO2; and 31 hrs in air. A similar featureless 
spectrum is obtained for a cold rod probe taken from the alkali metal carbonate eutectic/oxide 
melt in air after 6 hrs exposure of the MgO plate (data not shown). b) XPS spectra of cold rod 
probes taken from a Li2CO3- Li2O (0.2 mol%) melt at 900oC after 3 (red trace) and 9 hrs (blue 
trace) of exposure of a BeO plate. The atmosphere was CO2. 

 
Ceramic stability in molten Li-Na-K carbonate eutectic.  

The flue gas from power stations often contains a few at% each of Na and K in the form of dust 
of various compositions, primarily silicates [23]. As an approximation to the long-term exposure 
of a ceramic insulator to such a dilute system, we have tested the stability of YSZ and MgO 
ceramics with respect to the eutectic mixture of (Li, Na, K)2CO3 for 2-6 hrs at 900 °C in air. 
Under these conditions, the eutectic mixture also contains Li, Na and K oxides which form at 
900oC due to the partial loss of CO2. To estimate the degree of conversion of the eutectic mixture 
of (Li, Na, K)2CO3 into a mixture of carbonates and oxides, we prepared a mixture of Li2CO3, 
Na2CO3 and K2CO3 from nominally anhydrous powders with the proportions of Li, Na, K 
corresponding to the eutectic. This mixture was heated to 500 °C to remove all traces of water, 
cooled and then weighed. The mixture was subsequently heated to 900 °C for 4 hrs and then 
cooled and weighed; followed by heating for 24 hrs, cooling, and weighing. A weight loss of 
0.7±0.5% was detected after 4 hours heating ; after 24 hrs heating, the weight loss had stabilized 
at 4.5±0.1%. This corresponds to chemical decomposition of the carbonates to oxides of 1.6±1.1 
mol% and 10.2±0.2 mol% respectively. Actually, if during industrial operation of the cell, the 
contents of Na and K were to increase beyond a few at%, both cations would precipitate in the 
form of silicates [23], recalling (as noted above) that silicates are introduced into the melt along 
with the flue gas particles. 
XPS measurement of a cold rod probe of the eutectic carbonate-oxide melt at 900oC after a MgO 
ceramic had been immersed for up to 6 hours revealed a featureless spectrum in the energy 
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region of the 1s photoelectron peak (data not shown). This is consistent with the earlier finding 
that MgO is completely stable in molten 

32COK at 980 °C [24]. On the other hand, XPS does 
detect leaching of a small but detectable amount (0.01-0.02 at%) of Zr from YSZ into the 
eutectic carbonate-oxide melt after 2 hours exposure. However, the amount of Zr in the melt 
does not further increase with exposure for up to 6 hrs (Figure 1a blue trace). This implies that 
between 2-6 hrs, interaction of YSZ with the melt has ceased. Although zirconia is known to be 
stable in a molten Li-K carbonate eutectic to at least 560 °C [25], it does react with ONa2 -
containing melts to form zirconates [26]. In order to determine the origin of this time-dependent 
stability, we studied the surface of the samples exposed to the melt using the EDS capability of 
the SEM as well as grazing incidence XRD. As described above, the YSZ samples extracted 
from the eutectic melt were washed, rinsed and dried. EDS found that the surface of the YSZ 
samples contained no statistically significant amounts of K or Na (<0.2±0.15 wt%, confidence 
level 98%). Grazing incidence XRD patterns of the ceramics exposed to the carbonate eutectic 
melt for 6 hrs were also measured. Of the several diffraction patterns measured from different 
locations on the sample surface, a subset did contain evidence for the presence of 32ZrOLi  (data 
not shown). As above, the presence of lithium zirconate can provide a plausible explanation for 
the stability of 2ZrO with respect to long-term corrosion.  

Conclusions 

The results of XPS and EDS measurements of cold rod probes of the alkali metal 
carbonate/oxide melts following extended immersion of ceramic samples are summarized in 
Table 1. On the basis of these measurements, we conclude that MgO ceramics are suitable for 
use as a dielectric material in the electrochemical cell designed for reduction of CO2 to CO by 
electrolysis of a Li2CO3+Li2O melt at 900 °C. Yttria stabilized ZrO2 ceramics develop a Li 
zirconate/Li titanate surface coating, the increasing thickness of which may compromise long 
term structural stability, while BeO undergoes serious corrosion under melt conditions. 
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Abstract 

The MgCl2-contained salt is considered as one of the candidates for the solar thermal 
energy storage applications. To protect the structural alloy from corrosion, the addition of Mg as 
corrosion inhibitor was investigated. Several physical properties such as density, viscosity, vapor 
pressure and thermal conductivity of MgCl2 with different amount of Mg additions are studied in
this paper. A slight variation of density and viscosity while the increase in vapor pressure and 
large increase of thermal conductivity were observed with the addition of Mg to MgCl2 salt 
mixtures.

Introduction 

Molten salts have unusual thermal properties which have led to their use in primary 
reactor coolants and heat transfer media for high-temperature applications in nuclear reactors to 
hydrogen production facilities [1]. They also have provided an increase of thermal energy 
storage media for solar energy applications. Because they could serve at high temperature [2]. 
One potential energy storage media of considerable technological interest is MgCl2-containing 
salt due to its lightweight, specific heat capacity and high energy storage properties [3]. 
However, the widespread applicability of MgCl2 salt is limited mainly because of its ability to 
corrode the contact materials. Therefore, a growing interest in the application of MgCl2 salt [4] 
has further emphasized to investigate the reliable method of protecting contacted materials in 
molten MgCl2 salt. Among numerical methods in retarding or preventing corrosion, the use of 
inhibitors for the control of materials which are in contact with molten salt is an established 
practice [5]. Inhibitor should be more reactive than the elements in contacted alloys during 
corrosion in MgCl2 molten salt. Thus, corrosion of alloys can be minimized by inhibitors acting 
as the sacrificial anode instead of elements in alloys. As the more reactive element Mg is 
selected as one of the proper inhibitors for numerous alloys corrosion in the severe environment 
[6], it also might protect or retard alloys corrosion in MgCl2 molten salt. Reaction (1) is taken 
place as Mg added into the MgCl2, showing the efficiency of Mg in protecting alloys, which 
exerts a continuous interest in the investigation of Mg as an inhibitor in the molten salt.  

(1) 

There are many studies on the corrosion behavior of inhibitor in molten salts at high temperature. 
However, the effect on the thermal properties of Mg added to MgCl2 salt is ignored. Nowadays, 
besides the efficiency of the inhibitor, the effect on molten salt has to be taken into account to 
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choose the proper inhibitor [7]. A large change in the thermal properties will result in failure of 
MgCl2 being a candidate as thermal storage media. Therefore, the investigation of change in the 
thermal properties of MgCl2 molten salt with the addition of Mg inhibitor is of not only practical 
but also theoretical interest. The present work attempts to establish the suitability of Mg as an 
inhibitor for the alloys corrosion in MgCl2 molten salt. From this point of view, density, 
viscosity, thermal conductivity and vapor pressure after adding different amounts of Mg in 
MgCl2 molten salt are studied in this paper. 
 
1. Calculations  

The solubility of Mg in MgCl2 is very slight, which is about 0.2 mole% [8]. Therefore, 
the mixture can be assumed as two individual compounds. Thus, by using mixing rule (2) to 
predict density, viscosity, thermal conductivity and vapor pressure, the consistently calculated 
result could be obtained. 

        (2) 
 
where P is thermal properties of materials and x is mole fraction for each compound, and n is 
taken as 1 for most properties calculation except viscosity, which is 1/3 as shown in the literature 
[9]. 
The density data for the MgCl2 and Mg are available in the literature [10 & 11], Equations (3 and 
4) give the formula for the density of liquid MgCl2 and Mg, which shows a proportional decrease 
in density with the change in temperature (T -Tm). The temperature range for the calculation is 
298.15 - 1273.15 K. 

     (3) 
     (4) 

 
From the mixing rule of equation (2), the viscosity of the mixture is calculated from the viscosity 
data of Mg and MgCl2 obtained from literature at different temperatures and by considering the 
coefficients of n as 1/3 [9 & 11]. However, the viscosity of Mg at 987.15K is derived from the 
trend line. 
 
The vapor pressure of the mixture is calculated from individual data of MgCl2 and Mg in the 
literature [11 & 12]. Similar to the calculation of viscosity, some lacked data is predicted from 
trend line to calculate the vapor pressure of the mixture. However, coefficient n is chosen as 1. 
The thermal conductivity is also calculated by using mixing rule (2) with n as 1. As the sample is 
heated to its melting point, the thermal conductivity tends to remain constant at higher 
temperatures [13]. The thermal conductivity is only calculated at melting point from the 
literature data [9 & 14]. 
 
2. Results and discussion  

As the solubility of Mg is low in the MgCl2 salt, there is no significant change in the 
volume of the mixture for different amounts of Mg added to the MgCl2 salt at high temperatures. 
Therefore, the density calculations are accurate even at a higher concentration of Mg in the salt. 
From the mixing rule, the density of the mixture is calculated, and the coefficient n is considered 
as 1 for all the mixtures. As shown in Figure 1, the density is plotted as a function of the 
temperature for the various MgCl2-Mg mixtures. 
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Figure 1 Density of MgCl2 without and with different amount of Mg 

The small initial decline in density of the mixture is mainly because of the conversion of solid 
Mg into liquid Mg. As shown in Figure 1, with the further increase in the temperature, a sudden 
decrease in the density was observed for all the mixtures. That is due to the conversion of the 
mixture into the liquid phase. However, no significant change in density of liquid mixture was 
observed even at 4 mole% of Mg solute. That is probably due to the similar density of MgCl2 
and Mg in the temperature range of 987.15 - 1273.15 K. 
 
The viscosity of the mixtures are calculated only at 987.15 K (melting point of MgCl2) and the 
results are illustrated in Figure 2.  

 
Figure 2 Viscosity of MgCl2 without and with different amount of Mg at 987.15K 
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The viscosity of the mixture decreases linearly with the mole fraction of Mg at 987.15 K. 
Because there is no viscosity data available in the literature for the Mg, no calculations were 
performed at higher temperatures. The addition of Mg into MgCl2 molten salt will decrease the 
viscosity, and it will be greater as more Mg added into the salt. However, about 0.06 cp 
decreasing can be neglected because temperature shows more significant influence on the 
decreasing of the viscosity [9 & 11]. 
Figure 3 shows the plot of thermal conductivity as a function of mole% of Mg.  
 

 
Figure 3 Thermal conductivity of MgCl2 without and with different amount of Mg 

 
Because the thermal conductivity of Mg inhibitor is much greater than that of MgCl2, a 
significant increase in the thermal conductivity of the mixture is observed. Since, greater thermal 
conductivity indicates more possibility for application as heat storage media, the addition of Mg 
solute in MgCl2 salt supports the thermal conductivity of the media. 
 
The data is predicted for higher temperatures from the trend line to calculate the vapor pressure 
of the mixture. As the boiling point of Mg is 1364.15 K, the temperature range in the calculation 
is from 1051.15 to 1364.15 K, and the calculation results are shown in Figure 4.  
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Figure 4 Vapor pressure of MgCl2 without and with different amount of Mg 

The vapor pressure of the mixture is increased as more Mg inhibitor is added to the salt and also 
with the increase in the temperature. Some of the vapor pressure contribution by Mg solute 
addition is slight, but considering a small amount of Mg added to the salt, amount of weight loss 
of Mg into the atmosphere cannot be ignored. Thus to obtain 1 mole% of Mg in the MgCl2 salt, 
the respected initial amount of Mg should be more than 1 mole%. 
 
Figure 5 and 6 show the effect of Mg on the thermal properties of MgCl2 salt.  
 

 
Figure 5 Change in vapor pressure at 1051.5K and thermal conductivity at 987.15K after adding different 

amount of Mg into MgCl2 molten salt 
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Figure 6 Change in density and viscosity at 987.15K after adding different amount of Mg into MgCl2 

molten salt 

The change in thermal properties of the mixture was calculated after the addition of different 
amounts of Mg at 987.15 K. However, the change in the vapor pressure is calculated at the 
temperature of 1051.15 K. Because vapor pressure at that temperature is available for both Mg 
and MgCl2 in the literature [11 & 12]. A slight change of viscosity and density after adding Mg 
inhibitor will not affect the application of MgCl2 as heat storage media while large improve of 
thermal conductivity may increase the possibility of MgCl2 being the proper candidate as the 
heat storage media. 
 
3. Conclusions  

Less than 4% change of density and viscosity after even adding 4 mol% of Mg into 
MgCl2 molten salt has no significant effect on the application as heat storage media. While the 
considerable increase of thermal conductivity, which is over 800%, gives more potential of 
MgCl2 as the media in heat transferring. However, the large vapor pressure of Mg may result in 
considerable weight loss, losing the ability as a corrosion inhibitor in MgCl2 molten salt. 
Therefore, more Mg should be added into MgCl2 before applying this mixture molten salt as the 
heat storage media. 
A significant increase in the thermal conductivity will promise this mixture as a heat storage 
media. Although there is little change in density, viscosity and vapor pressure, which could be 
ignored for the application of heat storage media. 
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Abstract 
 
The “Slag-Remaining+Double-Slag” BOF steelmaking process has been developed and applied 
in Shougang Corporation, Ltd., by which consumption of lime and volume of slag in BOF 
steelmaking are remarkably decreased. In this paper, three important technologies taken in 
application of the new steelmaking process are introduced: 1. To solve the two most serious 
problems, i.e. difficult to make fast and enough amount of deslagging and decrease the metallic 
Fe droplets in the slag, low basicity slag is used in the dephosphorization stage. 2. Hard blow 
pattern is adopted to utilize the top blown O2 jet to strengthen agitation of the bath in the 
dephosphorization stage, through which good dephosphorization has been obtained. (3) By 
speeding up the steelmaking operations and particularly better matching the BOF, secondary 
refining and continuous casting productions, productivity has not been reduced though the BOF 
tap to tap time has been increased by about 4min after using the new process. 
 

1. Introduction 
 
The Chinese steel industry which has developed rapidly in the past two decades is facing serious 
challenges in saving natural resources, energy conversation and reducing the solid wastes 
generated in steel production. Taking the BOF steelmaking in China for instance, it produced 
about 700 million tons of steels last year and consumed about 35 million tons of burnt limes, 10 
million tons of dolomites and generated about 70 million tons of slags. 
 
In 2001, Nippon Steel Corporation [1] reported the idea of “Slag-Remaining+Double-Slag” 
steelmaking process and the experiment result using an 8t converter. The new steelmaking 
process was named as MURC, in which, the blowing is divided into two stages, i.e. the 
dephosphorization stage and decarburization stage. When the blowing has been completed, the 
slag is kept in the furnace after tapping the steel and reused in the dephosphorization stage of the 
next heat. It was reported [2-6] that MURC has been applied in Oita, Yawata, Muroran and 
Kimitsu Steelworks of Nippon Steel Corporation. 
 
In 2009, Shougang Corporation started the investigation on developing the “Slag-Remaining 
+Double-Slag” steelmaking process. Now, the new steelmaking process has been applied on a 
large scale in its Qianan Steelworks which has five 210t combined blowing converters and 
Shouqin Steelworks which has three 100t combined blowing converters. After using the new 
process, consumptions of the burnt lime and dolomites have been decreased by more than 47% 
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and 55% and, the volume of slag generated in BOF steelmaking has been decreased by 30%, 
respectively. 
 
2. The “Slag-Remaining+Double-Slag” Steelmaking Process developed in Shougang Co. 
 
As illustrated in Figure 1, the “Slag-Remaining+Double-Slag” steelmaking process developed 
mainly consists of the following operations: (1) keeping the molten slag in the furnace after 
tapping of steel, (2) blowing in N2 with the top lance to splash part of the molten slag on the 
lining wall, (3) adding in some lime and dolomite to fully solidify the slag, (4) charging scrapes 
and hot metal, (5) dephosphorization stage blowing, (6) deslagging off 50-60% slag from the 
furnace, (7) decarburization stage blowing, and (8) tapping while remaining the slag for next heat. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Illustration of the “Slag-Remaining+Double-Slag” process applied in Shougang Co 
 
The dephosphorization stage lasts about 3.5-4 minutes, in which about 27% of the total O2 is 
blown and 35% of the total lime is added. The temperature of the metal bath at end of the 
dephosphorization stage is between 1320-1370 C.  In decarburization blowing stage, O2 is 
blown for  9.5-10 minutes and rest of flux is added in. The total lime consumed is about 22kg/t in 
Qianan Steelworks and 35kg/t in Shouqin Steelworks. 
 
Taking use of the influence of the temperature change on dephosphorization is the main principle 
of the new steelmaking process. Taking the equilibrium constant of the dephosphorization 
reaction expressed by Equation (1) for instance, the equilibrium constant (Kp) calculated with 

the thermodynamic data given by Equation (2) and (3) [7,8] is about 1.68 10-11 at the 

temperature around 1680 C. However, at the temperature around 1350 C, Kp is about 5.59

10-7, more than 30,000 times larger than the Kp at 1680 C. 
 

2[P]+5[O]=(P2O5)                                                                              (1)  
 

G0= -832384+632.65T                                                                    (2) 
 

log Kp=log (aP2O5/a[P]
2/a[O]

5) = 43443/T-33.02                              (3) 
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In “Slag-Remaining+Double-Slag” steelmaking, the slag at the blowing end has almost no 
dephosphorization ability due to the high temperature. However, if the slag is used in the early 
blowing period of the next heat, i.e. the dephosphorization stage, it can regain the 
dephosphorizaton power because of the temperature decrease. But, the intermediate deslagging 
operation must be made to pour off most of the reused slag between the dephosphorization stage 
and the decarburization stage. Otherwise, rephosphorization from the slag will occur owing to 
the temperature increase in later blowing period.  
 
Since the slag of the previous heat can be reused, consumptions of the burnt lime and dolomite 
and volume of the slag can be remarkably decreased. Yield of steel has also increased due to the 
decrease of the exhausted slag which contains 14-25 mass% FetO. In addition, as most of the 
exhausted slag in the new steelmaking process is the low basicity slag formed in the 
dephosphorization stage, treatment of the exhausted slag can be simplified. 
 

3. Key Technologies of the New Steelmaking Process 
 
3.1  Fast and Enough Deslagging after Dephosphorization Stage 
 
In the “Slag-Remaining+Double-Slag” steelmaking process, whether or not fast and enough 
amount of deslagging can be made after the dephosphorization stage is of great importance. If 
the deslagging amount is not enough, the slag in the furnace will accumulate heat by heat. The 
basicity of the slag will increase and it makes more difficult to pour off the slag. Consequently, 
the normal circulation of the process will be stopped. Furthermore, if enough deslagging cannot 
be made, large amount of iron droplets will be wrapped in the slag and be poured off the furnace 
during deslagging. In addition, the process control can also be affected because of the variation 
of the slag volume in the furnace. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The phase diagram and iso-viscosity curve of the CaO-SiO2-FeO system 
 
To make the slag with good fluidity for fast and enough deslagging, the slag should be fully 
melted, i.e. no undissolved lime, MgO, 2CaO�SiO2, etc. in the slag. It can be seen in Figure 2(a) 
[8] which shows the phase diagram of the CaO-SiO2-FeO system that, for making fully melted 
slag at the end of the dephosphorization stage, the basicity of the slag (mass% CaO)/(mass% 
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SiO2) should be less than 1.3. As the slag also contains some Al2O3, MnO, etc. which enlarges 
the liquid phase region, the slag basicity should not be more than 1.5.      
 
Figure 2(b) [8] shows the iso-viscosity curves of the CaO-SiO2-FeO system at 1400 
C. It can be 
seen that lower viscosity slag (0.2-0.4 N�s/m2) can be obtained when the slag basicity is between 
0.8-1.3. In case the basicity is above 1.3, the iso-viscosity curves become denser, i.e. the 
viscosity of the slag increases quickly with increasing the basicity and the fluidity of the slag will 
be worsen. 
 
The relationships between the deslagging amount and the slag basicity and MgO content after the 
dephosphorization stage are shown Figure 3(a) and 3(b), respectively. It is seen that the 
deslagging amount increases with decreasing the basicity. By controlling the slag basicity within 
the range of 1.3-1.5, the deslagging amount each heat can be increased to more than 8.0t in 
Qianan Steelworks and 5.0t in Shouqin Steelworks, respectively.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Relationship between deslagging amount with (a) slag basicity and (b) MgO content 
 
As can be seen in Figure 3(b), the deslagging amount increases with decreasing the MgO content 
of the slag. For making fast and enough deslagging, MgO in the slag should be controlled no 
more than 7 mass%. This MgO control limit is less than that in conventional BOF steelmaking. 
But, no influence has been found on the lining life of the furnace after the new steelmaking 
process was applied. 

 
By adopting the new slag basicity and MgO control strategy, the two most serious problems, i.e. 
difficult to make fast and enough amount of deslagging and large amount metallic iron droplets 
in the slag, are solved have been solved. Now, the deslagging amount each heat is 6.5~12.5t in 
Qianan Steelworks and 4.0~8.0t in Shouqin Steelworks, respectively, varied mainly due to the Si 
contents of the hot metal. The deslagging time has been decreased to 4-5min in Qianan 
Steelworks and 3-4.5min in Shouqin Steelworks, respectively. 
 
3.2  High Efficient Dephosphorization in Dephosphorization Stage 

Compared with conventional BOF steelmaking, dephosphorization in the “Slag-Remaining+ 
Double-Slag” process is more difficult because the reused slag of the previous heat already 
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contained about 1.5 mass% P2O5 and, as above mentioned, the slag basicity in the dephosphori-
zation stage must be low to meet the demand of enough deslagging. If good dephosphorization 
cannot be made in the dephosphorization stage, dephosphorization burden in decarburization 
stage will be increased, which may result in re-blow or after-blow at the end of blowing. 
 
In BOF steelmaking, the dephosphorization reaction may take place inside the metal bath, at the 

slag-metal interface and inside the foaming slag. In dephosphorization stage of the Slag-
Remaining+Double-Slag” steelmaking process, activity of the oxygen dissolved in the metal bath 
is governed mainly by the dissolved carbon which is usually between 3.2 mass% to 4.5 mass%. 
With the standard free energy change ( G) of the decarburization reaction and the activity 
interaction coefficient given by Equation (5) and (6) [8], the activity of the dissolved oxygen 
(a[O]) is between 0.00010 to 0.00018 at the temperature around 1350 C. 
 

[C]+[O]=CO                                                             (4) 
 

G0=-21244-38.91T                                                (5) 
 

log f[C]=0.14[%C]                                                   (6) 
 

log f[P]=(105.1/T+0.0723)[%C]                                 (7) 
 

There is no basic slag inside the hot metal bath. If dephosphorization could take place inside the 
metal bath, the activity of the reaction product P2O5 would be one. With the data of the standard 
free energy change ( G) of the dephosphorization reaction given by Equation (2) and the 
activity coefficient f[P] in high carbon molten iron given by Equation (7) [9], the free energy 
change ( G) of the dephosphorization reaction inside the metal bath in the dephosphorization 
stage at the temperature around 1350 C is between 820 kJ/mol to 865 kJ/mol. It indicates that it 
is almost impossible that the dephosphorization takes place inside the metal bath. 
 
However, as top blowing O2 is used, the FeO content in the slag can be controlled at a relatively 
higher level. The dephosphorization reaction taking place at the slag-metal interface or inside the 
foaming slag between the metal droplets and the slag may can occur as expressed by Equation 
(8). With the data of P2O5 in slag [7], f[P] in high carbon molten iron [9] and using the usual 
composition of the slag in the dephosphorization stag ((CaO): 40 mass%, (MgO): 7 mass%, 
(FeO): 10 mass%, (P2O5): 3 mass%), the free energy change ( G) of the dephosphorization 
reaction expressed by Equation (8) is between -27.0 kJ/mol  to -38.0 kJ/mol. In the calculation, 
aFeO in slag is 0.2 referring to the iso-activity curve of FeO in CaO-SiO2-FeO system [8]. This 
calculation result indicates that dephosphorization can take place at the slag-metal interface or 
inside the foaming slag. 
 

2[P]+5(FeO)=(P2O5)+5Fe                                         (8) 
 

G0=-283634+403.0T                                              (9) 
 

log P2O5=-9.84-0.142((%CaO)+0.3(%MgO))           (10) 
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It is known from the above discussion that, for making good dephosphorization in the 
dephosphorization stage, strong agitation of the metal bath is of great importance to accelerate 
the transfer of [P] to the slag-metal interface where dephosphorization can take place. However, 
most BOF steelmaking plants in China use relatively milder bottom blowing for prolonging lives 
of the bottom blowing units. For instance, the bottom blowing rates in Qianan Steelworks and 
Shouqin Steelworks of Shougang Co. are only 0.03-0.06 Nm3/min/t, which cannot provide strong 
enough agitation for making good dephosphorization.  
 
So, in the new steelmaking process, hard blow pattern is adopted so as to utilize the top blown O2 
jet to strengthen the agitation of the bath in the dephosphorization stage. The oxygen lance 
position is 100-200mm lower than the position used in conventional BOF steelmaking and the O2 
flowrate is higher than 3.0Nm3/min/t. In addition, iron ore addition is also increased in the 
dephosphorization stage to compensate the FeO decrease in the slag because of the hard blowing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Relation between the phosphorus contents of the metal and slag FeO contents at end of 

dephosphorization stage 
 

Figure 4 shows the relation between [P] contents after the dephosphorization stage blowing and  
the slag FeO contents. It can be seen that better dephosphorization has been achieved after the 
hard blow pattern has been applied, in spite of that the slag FeO contents are decreased. With the 
above mentioned techniques, phosphorus content at the end of dephosphorization stage is 
lowered to 0.029 mass% on average and, the [P] contents at the end of decarburization stage 
lowered to 0.0096 mass% on average, which can meet the specifications of most steel grades 
produced in Qianan Steelworks and Shouqin Steelworks. 
 
3.3  Solidification of the Remained Molten Slag 
 
In the “Slag-Remaining+Double-Slag” steelmaking process, the molten slag of the previous heat 
remained in the furnace must be fully solidified before charging hot metal so as to avoid hot 

1182



metal eruption during the charging. In Qianan Steelworks and Shouqin Steelworks, slag 
splashing technology is adopted to solidify the remained slag.  
 
In the new steelmaking process, after tapping of the liquid steel of the previous heat, the top 
lance is lowered into the furnace to blow N2 for 4-5 minutes to splash part of the remained slag 
on the lining wall of the furnace. In addition, owing to the cooling effect of the N2 jet, 
temperature of the un-solidified slag pool decreases rapidly and some high melting temperature 
solid phases such as 2CaO�SiO2, 3CaO�SiO2, MgO, etc. precipitate from the molten slag. 
 
 
 
 
 
 
 
 
 
 

Figure 5.  EDS mapping analysis result of the slag sample taken after slag splashing 
 
As can be seen in Figure 5, after slag splashing, the un-solidified slag pool at bottom of the 
furnace changes to two-phase mixtures, i.e. the solidified phase of high melting temperature 
precipitates and the liquid “RO” phase constituted by FeO, MnO, CaO, etc. In order to fully 
solidify the slag, certain amount of lime and dolomite are added in. Then, the furnace is rotated 
forward and backward to mix the added lime, dolomite and the slag. With the above mentioned 
techniques, the time for slag solidification has been decreased to less than 5.5 minutes and no hot 
metal eruption has occurred after the new steelmaking process has been adopted in Shougang 
Corporation. 
 
3.4  Fast Production Technology 
 
The tap to tap time in the “Slag-Remaining+Double-Slag” steelmaking process is longer than the 
conventional BOF steelmaking due to the added operations of intermediate deslagging, 
solidification of the remained slag, etc. In order to minimize the influence on the productivity 
and particularly on the synchronization of the BOF steelmaking, secondary refining and 
continuous casting, production speed in the new steelmaking process must be raised.  
 
Some measures are taken to speed up the production, which includes (1) higher oxygen blowing 
rate in dephosphorization stage, (2) low basicity slag to shorten the deslagging time, (3) using 
flux of SiO2-C system to suppress the emulsification of the slag in slag pot during the deslagging, 
(4) better synchronizing the BOF steelmaking, secondary refining and continuous casting with 
the computer added production scheduling system, etc. 
 
There are both three converters in the No.1 Steelmaking Plant of Qianan Steelworks and Shouqin 
Steelworks, which supply liquid steels to two secondary refining units and two slab casters. 
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Since the production rate of the three BOF converters is higher than the secondary refining and 
continuous casting, the productivity has not been decreased after adopting the new process. 
 
In No.2 Steelmaking Plant of Qianan Steelworks, there are two BOF converters which supply 
liquid steels to two secondary units and two slab casters. As the No.2 Steelmaking Plant mainly 
produces narrower slabs for grades of electric steels, cold rolled sheet of LCAK steels, etc., the 
BOF steelmaking still can meet the demand of the two casters, although the BOF operation time 
is prolonged after adopting the new steelmaking process. 
 

4. Conclusions 
 
The “Slag-Remaining+Double-Slag” BOF steelmaking technology has been developed and 
applied on a large scale in Qianan Steelworks and Shouqin Steelworks of Shougang Corporation, 
by which consumptions of lime and dolomite and volume of slag generated in BOF steelmaking 
have been decreased by more than 47%, 55% and 30%, respectively. 
 
Low basicity slag (CaO/SiO2: 1.3~1.5)  is used in the dephosphorization stage, by which the two 
most serious problems in the new steelmaking process, i.e. difficult to make fast and enough 
amount of deslagging and large amount metallic iron droplets in the slag, are solved.  
 
Hard blow pattern is adopted to utilize the top blown O2 jet to strengthen agitation of the bath in 
the dephosphorization stage, through which good dephosphorization has been obtained.  
 
By speeding up the steelmaking operations and better matching the BOF, secondary refining and 
continuous casting productions, productivities of the steelworks have not been reduced though 
the BOF tap to tap time has been increased after using the new technology. 
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Abstract

Slag valorization in added value construction applications can contribute substantially to the 
sustainability of steel industry. The present work aims to investigate the crystallization behavior 
of a typical industrial Basic Oxygen Furnace (BOF) slag (CaO-FeOx-SiO2-based slag) by varying 
the basicity through hot stage engineering. A sample of industry Basic Oxygen Slag (BOF) was 
mixed with different quantities of silica (SiO2) to modify basicity. The effect of basicity on 
solidification microstructure and mineralogy was studied. The results suggest that the mineralogy 
of the solidified slag can be manipulated to enhance its suitability as raw material for 
construction applications. 

1. Introduction

In steelmaking industry, steel slags are a main by-product produced during the steelmaking 
process, accounting for 10-15wt% of crude steel production, depending on the steel quality and 
the production process [1]. Recycling of slags into added value applications is therefore of great 
importance for the sustainability of the steel industry. In recent years, the effect of different 
additions and cooling methods [2-5] has been studied with respect to crystallization behavior and 
phase modification, aiming to use steel slags in various fields, such as landfill liner  [6],
hydraulic binder [7, 8] and fertilizer used in agriculture [9]. 
Compared to the treatment of other steelmaking slags, such as EAF (electric arc furnace) slag, 
AOD (argon oxygen decarburization) slag, and LM (ladle metallurgy) slag, BOF (Basic Oxygen 
Furnace) slag is more difficult to treat due to its higher basicity. Yet, because BOF slags make up 
almost half of all steelmaking slags, their valorization is key, both from an environmental and 
economic perspective [10]. In the past decades, utilization of BOF slag was limited due to the 
volume expansion occurring upon natural aging. This dimensional instability is believed to be 
induced by hydration and carbonation of free lime and magnesia existing inside the slag [11].
During the chemical reaction, free lime and magnesia exhibit around 10% swelling [12], leading 
to the disintegration of the bulk slag. Recent research stressed that 4 wt% free lime is the 
suggested tolerance for incorporating BOF slag in construction materials [13].  
In the present work, slags with different basicities were prepared and equilibrated at 1600°C 
under argon atmosphere, then cooled down slowly in the furnace. X-ray diffraction (XRD) and 
electron probe micro-analysis (EPMA) were used for slag sample characterization. The results 
indicate that it is possible to optimize the slag mineralogy for subsequent use in construction 
materials by controlling the basicity during hot stage engineering. 
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2. Experimental 
 

2.1. Materials preparation 
 
A typical BOF slag produced from a steelmaking company was used as the master slag in this 
work. The slag was ground and milled to powder below 200 μm. The typical range of chemical 
[9] and mineral compositions of the master slag is given in Table I and Table II, respectively. 
The basicity R (mass ratio of CaO/SiO2) of the master slag used in our study was measured by X-
ray fluorescence (XRF, Panalytical PW2400) to be 4.39. 

 
Table I. Chemical composition of the master slag, wt% 

CaO *T.Fe SiO2 MnO MgO Al2O3 P2O5 
42-55 14-20 12-18 0-8 0-5 0-3 0-2 

*Fe is reported as the total iron in the oxides. Measured by X-ray fluorescence (XRF, Panalytical 
PW2400). 

 
Table II. Mineral composition of the master slag 

Mineral phase 
Free 
lime 

Monoxide Aluminateferrite 
Beta dicalcium 

silicate 
Magnetite 

Chemical 
formula 

CaO 
RO (FeO-MgO-

MnO) 
2CaO·(Al, 

Fe)2O3 
β-C2S (Ca2SiO4) Fe3O4 

wt% 18.0 5.0 32.3 29.4 15.3 
 
In order to investigate the effect of basicity on the solidification microstructure and mineralogy, 
sub-samples of 100g of slag was wet-mixed with 5.0 g, 10.0 g, and 15.0 g of SiO2 (>99.90%) in 
ethanol utilizing a multidirectional mixer (Turbula type) to prepare three adjusted slag mixtures. 
After 24-hour mixing, the mixture was dried in a rotating evaporator at 65°C. The resulting 
mixtures have a basicity of 2.94, 2.21 and 1.77, respectively. 
 
2.2. Experimental procedure and characterization of slag samples 
 
10 g of sub-samples of were placed in MgO crucibles (inner diameter 15 mm, height 40 mm) and 
melted in a graphite heating furnace (W100/150-2200-50 LAX, FCT Systeme, Rauenstein, 
Germany) in argon at 1600°C for 1 h to reach equilibrium, after which each sample was cooled 
to room temperature in the furnace at 5°C/min. 
The cooled samples were polished and characterized using electron probe micro-analysis (FE-
EPMA, JXA-8530F, JEOL Ltd, Japan) that allows fully quantitative chemical analysis. During 
analysis, the beam current and accelerating voltage were set at 15 nA and 15 kV, respectively. 
Phase identification was determined by X-ray diffraction (XRD, 3003-TT, Seifert, Ahrensburg, 
Germany) using Cu Kα radiation at 40 kV and 40 mA. Quantitative analysis of the XRD pattern 
was achieved with the aid of the Rietveld refinement method. 
 

3. Results and discussion 
 

3.1 Microstructures of slags with different basicities 
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Figure 1 shows typical microstructures of slags with different basicities produced through 
furnace cooling under Ar atmosphere. The microstructure of the master slag, without additional 
SiO2 addition, is shown in Figure 1(a). This master slag contains approximately 60 μm sized free 
lime. With SiO2 addition and therefore decreasing basicity, the amount of free lime is decreased. 
In all cases, dicalcium silicate (C2S) and aluminateferrite (C2AF) are observed as the major 
phases except for the sample with a basicity of 1.77. Chemical analysis indicates that C2S 
typically contains P2O5 (>2 wt%), which agrees with Rubio’s study [14]. According to previous 
studies, 0.5 wt% P2O5 is enough to stabilize β-C2S which plays an important role for cement 
production [15]. Another major phase is monoxide solid solution (RO). The RO phase is a FeO-
based monoxide containing MgO, MnO and CaO. There are two typical morphologies of RO: 
one has tiny crystals (<10 μm), dispersed in C2S and free lime; the other one has larger (>20 μm) 
separate grains. At a basicity of 1.77, C2AF phase disappears and also the C2S phase can be 
hardly found. Instead, a substantial amount of bredigite is formed. The chemical composition of 
bredigite (Ca1.75Mg0.25SiO4) is very close to C2S (Ca2SiO4) in which some CaO is substituted by 
MgO.  

 

Figure 1. Microstructures of slags with different basicities R produced through furnace cooling in 
Ar. (a) R=4.39 (master slag); (b) R=2.94; (c) R=2.21; (d) R=1.77.  Scale bar is 10 μm. 

 
The elemental distribution of the slag at a basicity of 4.39 and 1.77 is shown in Figure 2. In the 
case of R=4.39, Ca exists in free lime and C2S,while for R=1.77, Ca is present in both C2S and 
bredigite, with the concentration of Ca being slightly higher in the former, as expected from the 
stoichiometric formulas for C2S (Ca2SiO4) and bredigite (Ca1.75Mg0.25SiO4). In terms of Mg 

distribution, in the case of R=4.39, it is present in RO and C2S. In the case of R=1.77, most Mg 
combines with Fe and Mn and forms the monoxide (RO) phase, whereas some Mg is present in 
bredigite and the rest stays in the C2S phase. It is interesting that no free MgO exists in the slag. 
WDS analysis reveals that in the RO phase the content of MgO in the case of R=4.39 is 26.91 
wt%, but decreases to 21.28 wt% for R=1.77, because bredigite also combines MgO in the latter 
case. Whatever the basicity, most P dissolves in C2S. Some P is in bredigite when R=1.77. For 
P2O5 bearing slag, [PO4]

3- substitutes for [SiO4]
4− during solidification, yielding a modified 

1187



- 4 - 
 

formula Ca2SiO4·Ca3PiO4 [16, 17], in brief C2S·C3P. According to the composition, it can be 
concluded that only CaO contributes to the consumption of P. The lower concentration of P in 
bredigite compared to C2S may be due to the lower CaO/SiO2 ratio in bredigite. Because in 
bredigite it is possible that the CaO content is insufficient to consume P after it combines with 
SiO2. Therefore, the phosphorus is less concentrated in bredigite than that in C2S phase. 

  

Figure 2. Elemental distribution in the slag (a) without SiO2 addition (R=4.39); with 15 wt% 
SiO2 addition (R=1.77) 

 
3.2 Quantitative estimation of minerals content in the slag 
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The results of the quantitative analysis of the XRD patterns are presented in Figure 3. The high 
basicity industrial slag has 20 wt% free lime. With the aid of SiO2 addition, the free lime content 
can be significantly decreased, as indicated by the solid line. When 10 and 15 wt% SiO2 were 
added to the slag (corresponding to R=2.21 and R=1.77 respectively), free lime is completely 
eliminated. At the same time, the amount of RO and β-C2S is increased. In contrast, C2AF is 
decreased by increasing SiO2, probably because SiO2 combines with more CaO forming more β-
C2S. For the case of 15 wt% SiO2 addition (R=1.77), bredigite becomes a major phase and 
accordingly the amount of β-C2S is significantly decreased. This trend shows good agreement 
with our microstructural analysis. In the current study, the amount of β-C2S increases to a 
maximum of 44.4 wt% for 10 wt% SiO2 addition (R=2.21). At this basicity there is also 15.7 wt% 
of C2AF. The stabilized β-C2S and C2AF phases play an important role in preparing cement 
products, implying a potential valorization direction [18]. The bredigite phase, however, makes 
little contribution for the cement properties due to its poor hydration behavior and should be 
avoided for preparing cement [2]. 

 
Figure 3. Quantitative XRD analysis of slags with different basicities (R), synthesized  through 

furnace cooling in Ar. The solid line indicates the free lime content. 
 

4. Conclusions 
 

The effect of basicity on BOF slag solidification was studied by lab scale experiments. 
Stabilization of free lime was demonstrated by lowering the slag basicity with SiO2 additions to 
high basicity BOF slag (R > 4).  Meanwhile, the content of the β-C2S was increased by 
decreasing the basicity to an appropriate range. When the basicity is too low (R=1.77 for current 
case), a large amount of bredigite phase is formed, incorporating some MgO.  In the present 
study, the total amount of β-C2S and C2AF phases reaches 60.1 wt% when reducing the basicity 
to 2.21, showing a potential application in cement production. 
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Abstract 

 
Bearing steel required high cleanliness. During LF refining, the type of slag has obvious effect 
on its cleanliness. Two kinds of refining slags have been prepared with different cooling methods 
after pre-melting. Another slag was used by only mixing the raw materials .Then six heats 
steelmaking experiments were carried out in the MoSi2 electric resistance furnace to study their 
effect on the cleanliness of bearing steel GCr15. The results show that: The water-cooled slag is 
full of glass phase or microcrystal phase inside, and it has the lowest melting point, the shortest 
melting time, the fastest desulfurization velocity and the smallest average size of inclusions. 
Those effects of the air-cooled slag are better than the mixed-slag's. Under the same process, the 
inclusion numbers and area in the steel refined by the slag with CaO/Al2O3=1.65 are smaller than 
those of the slag with CaO/Al2O3=0.94. 
 

Introduction 
 
With the development of modern industrial, excellent abrasive resistance, higher fatigue 
resistance of bearing steel are required. To meet the requirements, on the one hand, the content 
of inclusions and mass fraction of harmful elements like oxygen and sulfur must be decreased 
very low, on the other hand, the composition and morphology of inclusions should be controlled 
to ensure the good ability of plastic deformation [1-10]. In order to achieve the purpose, the 
refining slag could melt in a short time and achieve the purpose of desulfurization and adsorbing 
inclusions [11,12]. 
Metallurgical workers have done a lot of research works on the refining slag system. Wang 
Deyong [11] found that the refining slag with active Al2O3 and aluminum ash can significantly 
improve the desulfurization rate and reduce the average time of LF process. A composite slag 
with CaO, Al2O3 and CaF2 has a low melting point and good desulfurization rate, what’s more, 
the ability of adsorbing inclusions is also very good[12,13]. The DaiDo steel did some 
experiments[14,15], and the results showed that the mass fraction ratio of slag and metal between 
1% and 3%, the basicity of slag is in 4.0 - 4.5, and the total weight of FeO and MnO in the slag is 
less than 1% is the suitable desulfurization condition. The study on the optimizing of refining 
slag composition is very mature, but the purpose of better adsorbing ability and melting speed 
has not been satisfied, this needs us in other ways to improve the effect of the refining slag. 
At present the research about preparation methods are not much, therefore, to study this topic in 
this aspect, different refining with different cooling method were prepared. The metallurgical 
properties (melting speed and desulfurization) was studied. At the same time, different 
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composition refining slag were prepared to study the influence on the adsorbing ability and 
properties of inclusions, that caused by the basicity and ratio of calcium and aluminum of the 
refining slag. The results in this paper shows a new way to control the cleanliness and inclusions 
in the GCr15 steel, even all the bearing steel, and has the obvious significance. 
 

Experimental 
 
The slag system used for our experimental is CaO-SiO2-Al2O3. In the fact, the refractory material 
could reveal and to meet the flowing property, some MgO and CaF2 were added in the system. 
But because the mass fraction of MgO and CaF2 is very little and stable, so the slag can be 
treated as CaO-SiO2-Al2O3 slag system during our study. Fig. 1 shows the CaO-SiO2-Al2O3 
phase diagram. 

 
Fig. 1 Ternary phase diagram of CaO-SiO2-Al2O3 

 
As shown in Fig. 1, the composition range of elliptic area is 40%~60%CaO, 0%~10%SiO2, 
30%~60%Al2O3, which is the low melting point area. In order to control the inclusions in 
bearing steel in 12CaO·7Al2O3 and 3CaO·Al2O3’s low melting point area, and desulfurization 
conditions of high basicity and low oxygen potential. With CaO/Al2O3 ratio of variable, we 
design two experiences that the ratio of CaO/Al2O3 are 0.94 and 1.65 respectively. One slag is 
mechanical mixed by the raw materials, CaO, SiO2, MgO, Al2O3, CaF2 and so on. The other 
slags are water-cooled or air-cooled after smelted in a MoSi2 eclectric-resistance furnace at 1873 
K respectively.  

 
Table 1 Scheme of tests on the refining slag of bearing steel 

Number 
Compositions /% 

Basicity 
CaO 

/Al2O3 
Process 

CaO SiO2 Al2O3 MgO CaF2 
S1 40.7 8 43.3 5 3 5.09 0.94 Water-cooled 
S2 40.7 8 43.3 5 3 5.09 0.94 Air-cooled 
S3 40.7 8 43.3 5 3 5.09 0.94 mechanical mixed 
S4 52.3 8 31.7 5 3 6.54 1.65 Water-cooled 
S5 52.3 8 31.7 5 3 6.54 1.65 Air-cooled 
S6 52.3 8 31.7 5 3 6.54 1.65 mechanical mixed 
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The difference between water-cooled slag and air-cooled slag is the cooling method. Both water-
cooled slag and air-cooled slag were melted by the MoSi2 furnace first, and the only difference 
between them is the cooling methods. The water-cooled slag was cooled by water and the other 
one was cooled by air. When the different type slags were prepared, we analysis the 
crystallization ratio by XRD and determinate the melting point and melting speed. 
To study the effect of different slags on the smelting process of Gr15 bearing steel, these six type 
slags were used for a slag-metal equilibrium experiment respectively. The raw material used for 
these six experiment is shown in table 2 

Table 2 Composition of Bearing steel (GCr15) (mass fraction /%) 
Element C Si Mn P S Cr 
Content 0.95 0.25 0.33 0.010 0.004 1.50 

 
Results and Discussion 

 
3.1 XRD analysis 
Fig. 2 shows the XRD results of the water-cooled slag and air-cooled slag. Table 3 shows the 
slag crystallinity analyzed by MdI Jade 6 software. Air-cooled slag presents obviously sharp 
diffraction peak. However, water-cooled slag has no obvious diffraction peak, and it present a 
big steamed bread peak in the range of 20°~50°. A large percentage of air cooled slag has been 
crystallized. The refining slag made by water-cooled process is mainly composed of glass phase 
or microcrystalline phase and the phase in the slag can be ignored. 
 

20 40 60 80
0

200

400

600

800

1000

In
te

ns
it

y 
/a

.u
.

2Theta /degree
20 40 60 80

0

1000

2000

3000

4000

5000

6000

■ ■■
■■

■
■

■

■

■

In
te

ns
it

y 
/a

.u
.

2Theta /degree

■ Ca12Al14O32F2

■

20 40 60 80
0

200

400

600

800

1000

2Theta /degree
20 40 60 80

0

1000

2000

3000

4000

5000

6000

●●

●

●

■■

■

■In
te

ns
it

y 
/a

.u
.

2Theta /degree

■●

■Ca4Si2O7F2

●Ca2Al2SiO7

 
Fig. 2 XRD results of different slag.  

(a) water cooled, CaO/Al2O3= 0.94;(b) air cooled slag with CaO/Al2O3= 0.94; (c) water cooled slag with 
CaO/Al2O3= 1.65; (d) air cooled slag with CaO/Al2O3= 1.65; 

(a) 

(c) 

(b) 

(d) 
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Table 3 Crystallinity of different refining slags 

Number Crystallization ratio /% 
S1 0.5 
S2 98.36 
S4 0.2 
S5 95.29 

 
3.2 Melting Property 
Melting temperature changes of different bearing steel refining slag are shown in Fig. 3. 
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Fig. 3 Melting temperatures of different refining slags 

 
It can be seen from the data that the melting points of S1, S2 and S3 slag successively increases, 
and the melting points of S4, S5 and S6 slag have the sam trend. Slags with the same 
composition have the order of the melting point of water-cooled slag, air-cooled slag and 
mechanical-mixed slag. The melting point of the slag with CaO/Al2O3=0.94 is higher than that of 
CaO/Al2O3=1.65 when they are made by the same process. Variations of slag melting time at 
1773K are shown in Fig. 4. 
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Fig. 4 Melting times of different refining slags 

 
3.3 Deoxidation and Desulfuration 
Steel samples of the steelmaking process are detected by oxygen and nitrogen analyzer. The 
variation of total oxygen content are shown in Fig. 5. 
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Fig. 5 Tendency of the mass fraction of total oxygen content 

 
As can be seen from Fig. 5, the total oxygen content shows a slow decline and eventually 
reaching equilibrium value. Under the same preparation technology, the slag with 
CaO/Al2O3=1.65 has faster deoxidation rate, and lower final balanced oxygen content. This is 
due to the less Al2O3 content in this slag, which promotes the combination of [Al] and [O].  
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Fig. 6 Variation of desulfuration rate with time for different slags 

 
The variations of the desulfurization rate are shown in Fig. 6. The slag with CaO/Al2O3=1.65 has 
the higher desulfurization rate, and the highest one reaches 79.18%. For the same composition 
slag made by different processes, the order of the desulfurization rate from high to low is water-
cooled slag, air-cooled slag and then mechanical mixed.  
 
3.4 Effect of refining slag on inclusions 
The size distribution of inclusion in the bearing steels is shown in Fig. 7. 
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Fig. 7 Size distribution of inclusion in the bearing steels 

 
It can be seen from Fig. 7 that the amount of small inclusions in the steel with slag blended by 
machine is smaller than those of water-cooled slag and air-cooled slag. On the contrary, the 
amount of big inclusion in the steel smelted by mechanical mixed slag is the largest, and thus the 
average size of the inclusions in it is the biggest. 
The inclusion in the steel treated by water-cooled slag has the smallest mean size. The analysis 
of the steel with the same preparation process and different slag composition shows that the 
number of large inclusions in the steel whose CaO/Al2O3 is 1.65 is smaller than that in the steel 
whose CaO/Al2O3 is 0.94 and the mean size is smaller. Among the slags with same treatment, 
the mean size of inclusions in the steel with water-cooled slag is smaller, and the inclusions 
distribute more uniform, and the percentage of the area of inclusion is also minimal. Under same 
preparation process, the number of inclusion in steel with the refining slag whose number of 
CaO/Al2O3 is 1.65 is smaller when number of CaO/Al2O3 is 0.94, and the area percentage is 
smaller. 
Through analysis, the crystalline refining slags, which is same to amorphous refining slags on 
composition, the inclusions has little difference in their composition. But the difference between 
two kinds of CaO/Al2O3 inclusions and those in the bearing steel is large. In the bearing steel 
used the refining slag whose number of CaO/Al2O3 is 1.65, inclusions of spinel compared with 
those of number of CaO/Al2O3 is 0.94 decreased, while the inclusions of Al2O3•MgO•SiO2•CaO 
increased. There was hardly any SiO2 and MnS. Fig. 8 is picture of some typical inclusions. 
 

 
a Al2O3·MgO 

Element Weight% AT% 
O 38.992 58.175 

Mg 5.313 5.218 
Al 9.922 8.778 
Si 17.723 15.063 
S 1.867 1.390 

Mn 26.183 11.376 
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b Al2O3·MgO·SiO2·TiOX·MnS 

Fig. 8 Typical morphology of inclusion  
 

Conclusions 
 
(1) Different cooling methods have significant effect on the physical and chemical properties of 
refining slag and crystal structures. The water-cooled slag is composed of glass phase or 
microcrystal phase, while the air-cooled slag crystallizes absolutely. The melting point of the 
water-cooled slag is the lowest and their melting speed is the highest. Among the slags with the 
same treatment, the refining slag whose CaO/Al2O3 is 0.94 has the higher melting point and 
lower melting speed. 
(2) Under the same preparation process, the slag with CaO/Al2O3 is 1.65 has better the 
dioxidization and desulphurization effect, and has more lower oxygen content. 
(3) The heat smelted by water-cooled slag with CaO/Al2O3 is 1.65 gets the best inclusions. The 
total number of inclusions is the lowest and the mean size is smallest. Most of the inclusions are 
Al2O3•MgO•SiO2•CaO. 
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Abstract 
The intrinsic corrosion behavior of Haynes 230 and NS-163 alloys after adding corrosion 

inhibitor Zr to LiF-NaF-KF (FLiNaK) salts was evaluated. Thermodynamic modeling studies 
were performed to investigate the compatibility of Haynes alloys for solar thermal energy 
storage applications in the molten salts. Equilibrium conditions were considered for predicting 
the corrosion products and weight loss of salts at higher temperatures (700 - 1000oC). Weight 
loss of FLiNaK salt after corrosion with or without inhibitor is less than 5%, indicating no 
significant change in compositions of FLiNaK even with Zr inhibitor. Furthermore, to compare 
with experimental data, modeling calculation with known amount of trace impurities (Ni2+, Fe3+ 
and so on) added to the molten salts, shows similar trend and corrosion product with and without 
Zr inhibitor.  

 
Introduction 
From the reports of Oak Ridge National Lab (ORNL), early molten salts consist of fluoride salts, 
which are performed in the nuclear energy applications. These fuel salts always contain UF4 as 
uranium is dissolved from reactor fuel. Moreover, several experiments performed by ORNL 
indicate UF4 is corrosive to the structural materials [1]. Nowadays, molten fluoride salts without 
UF4 have been considered as a candidate for thermal energy storage media in solar energy 
applications [2]. Although LiF-BeF2 (FLiBe) has been used as the primary coolant in nuclear 
energy applications [3], chemical toxicity of beryllium compound has limited the development of 
this salt [4]. However, LiF-NaF-KF (FLiNaK) salt includes lots of good thermal properties, such 
as lightweight, low eutectic melting point, high heat capacity and large thermal conductivity, 
indicating it has more potential to be used in solar power industry [5]. However, the widespread 
applicability of this molten salt is limited mainly because of their ability to corrode the structural 
materials, and it is reported to be more corrosive than FLiBe [6]. Moreover, therefore, it is 
important to categorize alloys that are corrosion resistant to this molten salt [7].  
 
Considering the structural material should be economical, alloys are chosen to be the proper 
candidate, although ZrO2-8 mol % Y2O3 is very stable in the FLiNaK salt [8]. A research study 
from National Aeronautic and Space Administration (NASA) indicates that Ni is difficult to be 
corroded in fluoride salts [9], and thus lots of Ni-based alloys have been tested in the FLiNaK 
salt to justify the corrosion resistance. Mo and Ta have also been indicated to be stable in 
FLiNaK [10&11]. However, more initial Cr in the alloy, faster corrosion rate will be [12]. Alloy 
with a high content of Mo and low content of Cr will be preferred to be the proper structural 
material due to the high corrosion resistance. However, at least, 6% (atomic) of Cr is needed in 
the alloy to prevent oxidation in the air [13]. Thus, Hastelloy (Ni-Mo-Cr) have been tested in the 
FLiNaK by Luke, but the strength of these alloys at high temperature are not good [14]. In fact, 
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considering the structural property, Haynes-230 shows more creep rupture times than Hastelloy 
in the same condition [15], indicating Haynes alloys have more potential to be the structural 
alloy even it includes lots of Cr (more than 20 mol%). Several methods have been provided to 
reduce the dissolution of constituent alloy elements, especially for Cr, into the FLiNaK molten 
salts, Ni-plating is one of the proper ways because Ni on the surface will prevent salt contacting 
with the alloy directly. Moreover, the result shows Ni-plated 800H alloy has the lower corrosion 
rate than which without Ni-plating [16]. Another plating like tantalum [17] and SiC [18] also 
increase the corrosion resistance of the alloys. Another method is adding more active elements 
into the FLiNaK molten salt, and these elements will act as a sacrificial anode to protect the 
alloys. Moreover, Sellers [19] has reported the addition zirconium, the active metal into FLiNaK 
salt will form an inter-metallic layer on the surface of the Ni-based alloy, preventing the salt 
contacting with the alloy directly. Moreover, adding the appropriate amount of yttrium has the 
similar result that Y-rich layer on the surface of the alloy may inhibit the diffusion of susceptible 
elements [20]. Recently, Savanah River National Laboratory (SRNL) did several corrosion 
experiments to study the influence of adding Zr inhibitor in FLiNaK salt because ZrF4 shows 
more negative Gibbs energy of formation than several other corrosion products at 850oC. 
Moreover, in the current study, the effect of Zr addition to molten FLiNaK salt on the corrosion 
behavior of Haynes 230 (H230) and Haynes NS-163 (H163) alloys at different temperatures was 
evaluated using thermodynamic calculations. Sohal [3] has reported there are four corrosion 
mechanism of alloys corrosion in molten salt: intrinsic corrosion, corrosion by oxidizing 
contaminations, different solubility, and galvanic corrosion.  For simplification, there is only 
intrinsic corrosion because salt is assumed to be pure and the temperature is assumed to be 
constant. Crucible is not considered; thus galvanic corrosion is ignored in the current study. The 
intrinsic corrosion mechanism is driven by Gibbs energy of formation of salts and metals [3]. 
Thus, Gibbs energy minimization method was used to predict the corrosion products of H230 
and H163 alloys and weight loss of salts under the equilibrium conditions at higher temperatures 
(700 - 1000oC, this temperature range is the proper service temperature for FLiNaK).  
 
1. Calculations  

Thermodynamic modeling of the corrosion products and weight loss of salts was 
performed using thermodynamic modelling software. The calculations were based on Gibbs 
energy minimization method for simulating the chemical reaction equilibrium and processes.  

 
1.1. Decomposition of molten salt with and without inhibitor 

Decomposition of FLiNaK was taken as weight loss of FLiNaK salt during corrosion to 
determine the thermal stability of molten salt contacting with alloys at higher temperature (700-
1000oC), especially with inhibitors. Weight loss of salt is calculated from weight of element 
transferred from salt to corrosion product. A lot of weight loss is contributed by negative ion F-. 
However, a little Potassium element will also transfer to product due to the K3AlF6 complex. The 
mole of each corrosion product was obtained at equilibrium condition by thermodynamic 
modelling. Thus, weight loss of element from molten salt is obtained from equation (1): 

 

                                                   (1) 

 
Where ni is mole of each element transferred to corrosion product from molten salt, Mi is atomic 
weight of each element, m is weight of initial molten salt.  
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1.2. Corrosion product prediction in molten salts with impurities 
 

The corrosion behavior of H230 and H163 alloys were different in pure and impure 
FLiNaK salt. Due to the impurities like metal ions may take the replacement reaction or 
oxidizing reaction with alloys. However, activity coefficient which is less than unity and 
insufficient reacting time cause lots of impurities are still left in 210g FLiNaK after corrosion. 
Moreover, the concentration of impurities before and after alloys corrosion is shown in Table 1. 
 

Table 1 Amount of trace metal impurities before and after H163 and H230 corroison in experimental 
FLiNaK salt detected by SRNL 

Fluoride 
Salt(ppm) 

Cr  Fe  Ni  Mn  Mo  Al  Cu  Co  Ag  Ba  Ca  Cd  Ce  Nb  Nd  Pb  Re  Sn  Sr  Ti  V   Zn  Zr  
Before 
Corrosion < 

5.27  
< 
65.9  

< 
13.4  

< 
2.11  

< 
61.4  

< 
119  

< 
15.6  

< 
64.2  

< 
79.5  

< 
28  44.9  

< 
28.2  

< 
81.9  

< 
79  

< 
113  

< 
396  

< 
393  

< 
123  

< 
115  

< 
11.9  

< 
138  

< 
48.7  

< 
7.63  

 
H163 

11.3  
< 
58.9  

< 
12  

< 
4.05  

< 
54.9  

< 
106  19.8  

< 
57.5  

< 
7.69  

< 
25.1  31.6  

< 
25.3  

< 
73.3  

< 
34.3  

< 
101  

< 
355  

< 
352  

< 
110  

< 
103  21  

< 
123  

< 
43.6  

< 
6.83  

 
H230 

55.7  
< 
56.3  

< 
11.5  17.2  

< 
52.5  

< 
101  29.4  

< 
54.9  

< 
7.34  

< 
24  25.2  

< 
24.1  

< 
70.1  

< 
32.8  

< 
96.5  

< 
339  

< 
336  

< 
105  

< 
98.6  

< 
10.2  

< 
118  

< 
41.7  

< 
6.53  

 
Thus, the decreased amount of impurities have taken the replacement reaction with the alloy, and 
it is reasonable to consider these reacted impurities in the thermodynamic modeling. As it is in 
the fluoride salt, impurities are assumed to be the stable fluorides, and thus impurity fluorides 
sublimed or decomposed at 850oC, like NbF5, SnF4 and few fluoride impurities at high oxidation 
state are ignored. Moreover, ignoring the impurity which will not react with alloys like CaF2, 
BaF2 and so on. The amount of reacted impurities is listed in Table 2.  
 

Table 2 Amount of reacted impurities in FLiNaK at 850oC for 100hrs 
Fluoride salt 
(mole) CrF3  FeF2  CoF2  AgF  CeF3  PbF2  ReF3  ZnF2  

H163 
2.13 
E-05  

2.63 
E-05 

3.07 
E-05 

1.40 
E-04 

1.29 
E-05 

4.16 
E-05  

4.62 
E-05  

1.64 
E-05 

H230 
2.13 
E-05  

3.15 
E-05 

2.21 
E-05 

1.40 
E-04 

1.77 
E-05 

5.77 
E-05  

6.54 
E-05  

2.25 
E-05 

 
The amounts of the H230 and H163 alloys and the inhibitor Zr added to FLiNaK salt are listed in 
Table 3.  
 

Table 3 Initial amount of alloy and inhibitors in experiment performed by SRNL 
Molten salts Amount of compound in salts (mole) 

H230 H163 Zr 
LiF-NaF-KF (210 g) 0.06 0.06 0.06 
 
The experiment was performed in the salt at 850 oC and 1 atm. for 100hrs under Ar atmosphere. 
And the corroded depth measured from Scanning Electron Microscopy (SEM) of alloys after 
corrosion, is listed in Table 4. 
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Table 4 Corrosion depth of H230 and H163 after corrosion in MgCl2-KCl for 100hrs at 850oC 

 H230 H163 
Corrosion depth (mm) 0.046 0.015 
 

 
As Table 5 gives the dimensions of both samples, the amount which is contacted with salt can be 
calculated by means of measuring corroded volume fraction, which is shown in details in 
equation 6. 

                            (6) 
Where n is the amount is contacted with salt. W, L and T is width, length and thickness of 
sample used in the experiments, d is corroded depth. 
 

Table 5 Dimensions of H230 and H163 samples in experiment  

Metal Coupon Weight (g) 
Dimensions 

Length (mm) Width (mm) Thickness (mm) Area (cm2) 
NS-163 (C6) 3.4273 29.98 11.72 1.26 7.99 

230 (D4) 3.6879 29.95 11.95 1.23 8.09 
 
The exact amount of H230 and H163 contacting with salt during corrosion is 0.00770 mole and 
0.00434 mole from the calculation. Thus the initial input conditions of the thermodynamic 
modeling, i.e. pressure, temperature, and amount of salts, alloys contacting with salt, and 
impurities were kept same as the experimental data. 
 
2. Results and discussion  
 
2.1. Decomposition of FLiNaK salt with and without inhibitors  
 

The change in the composition of the molten salt was calculated using Gibbs energy 
minimization method at temperatures above 700 °C. The criterion for thermal stability of the 
salts is their % weight loss (≤5%) due to corrosion tests. The effect of the inhibitor on the 
decomposition of FLiNaK molten salts for H230 and H163 alloys were studied from 700 to 
1000oC.  
Figure 2 shows a comparison of the weight loss for Haynes 230 and Haynes NS-163 alloys at 
different temperatures with and without Zr inhibitor added to the fluoride salts.  
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Figure 1 Weight loss of fluoride salts at different temperatures with and without Zr 

 
Because Zr shows insignificant ability in preventing Al from dissolving into salt and Al is the 
main element dissolved in the salts, no significant change is observed in weight loss of fluoride 
salts for both the alloys. The weight loss of the FLiNaK salt with Zr inhibitor is below 5%. The 
Zr inhibitor has not increased the decomposition of FLiNaK salt significantly. Therefore, 
FLiNaK salt has not lost the candidate for the heat transferred fluid. 
2.2. Experimental vs. modeling of major corroded metals  

Table 6 shows a comparison of the experimental ICP-OES data with the thermodynamic 
modeling results for the change in mass percent of major metals (Cr and Mn) in FLiNaK salts 
containing Haynes alloys and inhibitor Zr at 850 oC. 

 

Table 6 percentage Mass change of major elements in impure FLiNaK salt after corrosion of H230 and 
H163 at 850oC with and without addition of Zr inhibitor (E refers experimental data and M refers to 

model calculation) 

Elements Mass change of major elements in FLiNaK (%) 
FLiNaK FLiNaK with Zr 

Cr in H230 
E 956.93 -1.71 
M 944.11 -99.97 

Mn in H230 
E 715.17 175.83 
M 715.40 -99.95 

Cr in H163 
E 114.42 -15.18 
M 746.81 -99.97 

Mn in H163 
E 91.94 83.41 
M 92.99 -99.98 

 
With no inhibitor added to the FLiNaK salt, both the experimental and modeling results confirm 
an increase in the mass % of Cr and Mn in salt due to corrosion of alloys at 850oC. For H230, the 
increased amount is comparable to both experiment and modeling. However, the amount of Cr 
for H163 is larger in modeling even amount of Mn is comparable. That may due to (a) reaction 
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time (of 100 h) is not sufficient for the complete corrosion of alloys in the corroded-depth range, 
(b) only the surface but not interior components of the alloys are in contact with the molten salts. 
Thus, the amount of reacted Cr in the experiment is less than which in the modeling calculation. 
Therefore, considering the appropriate amount of reactants and adjusting the equilibrium 
conditions of corrosion reactions could minimize the differences between experimental and 
modeling results. In addition, both experimental and modeling results show that the corrosion 
amount of Cr and Mn in H230 and H163 alloys decreases with the addition Zr inhibitor to the 
FLiNaK salts. However, the decreased amount is not comparable. As discussed above, the only 
surface contacting of Zr leads very less amount acting as sacrificial anode thus poorer ability to 
inhibit the corrosion, and insufficient reaction time results there is still some Cr2+ and Mn2+ 
cations left in the salt. While in the modeling, all the Zr acting as sacrificial anode and sufficient 
time to react with FLiNaK molten salt result Cr2+ and Mn2+ cations are disappeared in the salt. 

It is interesting that Sellers [19] and SEM provided by SRNL both prove Zr will deposit on the 
samples during corrosion. Therefore, there is not only intrinsic corrosion, but galvanic corrosion 
takes place. And the driving force is the Gibbs energy of formation of Zr-Ni and Zr-Co 
intermetallic phase.  

3. Conclusions 
 

Prediction of decomposition of salts is to investigate if molten salt will lose its properties 
as media of heat transferred fluid. In both cases, with or without the Zr inhibitor, less than 5% is 
decomposed for FLiNaK salt with Haynes alloys. Therefore, it can be inferred that the corrosion 
of Haynes 230 and Haynes NS-163 will not affect much on the properties of molten salt even 
with Zr inhibitor.  

 
Both experimental data and thermodynamic calculations show an increasing trend in the 
corrosion amounts of Cr and Mn from Haynes 230 and Haynes NS-163 alloys in the FLiNaK 
molten salts. And the corrosion amount (Table 5) is almost comparable. The corroded amount of 
Cr and Mn from Haynes 230 and Haynes NS-163 alloys was controlled with the addition of Zr 
inhibitor to the FLiNaK salts. The difference in the corroded amount in experiment is due to less 
amount of sacrificial Zr inhibitor and insufficient time. 
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Abstract 

New data on gas/slag/matte/spinel equilibrium in the Cu-Fe-O-S-Si system at T=1200 
C and 
P(SO2)=0.25 atm covering a wide range of matte grades for copper smelting and converting are 
presented. High temperature equilibration and rapid quenching technique, followed by Electron 
Probe X-ray Microanalysis are used. The use of substrate made of solid spinel ensures 
equilibration strictly within the Cu-Fe-O-S-Si system and avoiding contaminants from crucible. 
The research is extended to measure partitioning of minor elements between slag and matte 
phases using this technique based on microanalysis. The system selected closely resembles the 
equilibrium condition of the actual copper smelting process. The information provided is 
essential for the evaluation of effect of fluxing towards the amount of chemically dissolved 
copper and quantity of solid in the slag.  Present study is part of a larger integrated experimental 
and thermodynamic modelling research program on copper-making high-temperature systems. 
 

1. Introduction 
 
Fundamental information on slag-matte equilibria in the Cu-Fe-O-S-Si system is essential for 
understanding and improving the existing copper smelting and converting processes. Most of the 
previous investigations on the slag-matte equilibria at controlled P(SO2) have been carried out at 
tridymite saturation [1-6]. Analysis on the industrial sample however showed that spinel is 
common solid found in equilibrium with matte and slag phases [7]. Few studies available dealing 
with the equilibria between matte and spinel at fixed P(SO2) [8-11]. Not many attempts have 
been made to investigate the equilibria in the slag/matte/spinel at controlled gas atmosphere. This 
is due to difficulty in performing experiment since the system contains aggressive slag and matte 
liquids and there is no crucible that can suspend the sample without introducing contamination. 
Equilibration experiment using substrate techniques has been developed in PYROSEARCH to 
tackle this issue. In this technique, a thin film of liquid phase is equilibrated on a substrate made 
of the spinel primary phase. This technique gives advantages compared to the conventional bulk 
refractory crucible experimentation since it improves direct exposure to gas, the quenching 
process of the sample, as well as avoids contamination of unwanted elements into the sample. 
The application of this method enables the measurement of gas/slag/matte/spinel system. 
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2. Development of Experimental and Measurement Techniques 
 
2.1. High temperature equilibration technique 
 
Experimental technique used to study the complex multi-component gas/slag/matte/spinel 
equilibria in the Cu-Fe-S-O-Si system involves high temperature equilibration in controlled gas 
atmospheres, rapid quenching and direct measurement of equilibrium phases with electron probe 
X-ray microanalysis (EPMA), which is similar to the technique previously used to investigate 
gas/slag/matte/tridymite system [7, 12]. 
 
First, an artificial oxide mixture was prepared from the analytically pure powders or pre-sintered 
solids or pre-melted master matte/slag to obtain after equilibration a predetermined bulk 
composition. The starting materials thoroughly mixed using an agate mortar and pestle, and then 
pelletised in a die using a press. The starting composition was selected to obtain two or more 
phases in the final sample after equilibration. Spinel (Fe3O4) substrate was used for holding slag 
and matte sample. The spinel was prepared from 99.5 wt pct pure iron foil folded into required 
shape and then oxidized at 1200 oC at P(O2) corresponding to condition where spinel is stable. 
The furnace temperature was controlled within ±1 K by an alumina-shielded B-type 
thermocouple placed immediately adjacent to the sample, and was periodically calibrated against 
a standard thermocouple. The overall temperature accuracy is estimated to be within 5 K or 
better. The gas atmosphere was maintained by mixture of 20%CO in Argon, CO2 and SO2 gases 
added in proportions calculated using reliable thermodynamic information (e.g. FactSage 
thermodynamic software). The required gas flow-rates were maintained with calibrated U-tube 
capillary flow-meters. The calibrations of 20%CO-Ar and CO gases were checked by an oxygen 
probe made of a yttria-stabilized zirconia solid electrolyte cell (SIRO2®, DS-type oxygen probe; 
supplied by Australian Oxytrol Systems, Victoria, Australia). After equilibration for 
predetermined time the samples were quenched into cold water or brine solution so that the 
phases present at high temperature and their compositions are retained at room temperature.  
 
The samples were mounted, polished and then examined using optical microscopy and Scanning 
Electron Microscopy (SEM) with Energy Dispersive Detector (EDS). The compositions of the 
phases were measured using a JEOL JXA 8200L (trademark of Japan Electron Optics Ltd., 
Tokyo) electron probe X-ray microanalyzer (EPMA) with Wavelength Dispersive Detectors 
(WDD). An acceleration voltage of 15 kV and a probe current of 15 nA were selected. The 
Duncumb-Philibert ZAF correction procedure supplied with the probe was applied. The 
appropriate standards were selected to the oxide or sulphide phases.  The phase compositions 
were measured with EPMA with accuracy within 1 wt % or better. EPMA was used to measure 
the element concentrations; no information on the proportions of the same element having 
different oxidation states were acquired. For slag and solid phases, all element concentrations 
were recalculated to selected oxidation state for convenience of presentation and to 
unambiguously report the compositions of phases.  
 
Experimental study in gas/slag/matte/spinel equilibria in the Cu-Fe-S-O-Si system has been 
extended to study distribution of Ag as minor elements. In this work, Ag was introduced into the 
initial mixture in small quantity corresponding to a total of less than 1wt% Ag in the matte phase. 
Two techniques were used to measure Ag composition in different phases: (i) EPMA for 

1208



elements in matte phase; and (ii) LAICPMS (Laser Ablation Inductively Coupled Plasma Mass 
Spectrometry) for elements in slag phase with concentration below the detection limit of EPMA. 

2.2. Development of spinel substrate 

Several different shapes of spinel substrate were tested. The final adopted type of substrate was
the envelope shape with open ends shown in Figure 1. The bottom end of the substrate is open 
ensuring pathway for gas to get into contact with condensed phases and also ensuring direct 
contact of sample with quenching medium. Although, the envelope type substrate used in the 
present study is structurally stronger than that used in previous study [13], special attention on 
planning of the initial mixture was still needed to ensure no excessive reaction takes place 
between liquid slag and spinel.  

Figure 1. Shape of spinel substrate for gas/slag/matte/spinel experiment. 

2.3. Confirming the achievement of equilibrium  

The achievement of equilibrium in the gas/slag/matte/spinel system was confirmed by a 4-points 
test which covers [14]:

i) Equilibration time variation 
ii) Phases homogeneity analysis 
iii) Equilibrium achievement from different directions  
iv) Analysis of possible reactions specific to the system.  

This 4-points test approach with particular attention to the kinetics of the reactions taking place 
during achievement of equilibria was applied to the gas/slag/matte/spinel system in addition to 
continuous application and development of a number of other common measures to minimise the 
uncertainties. Alternative approaches or techniques and independent confirmations by different 
researchers were also introduced to ensure the reliability of the experimental results. 

2.4. Analysis of possible reactions taking place during equilibration  

Various elementary reactions take place simultaneously throughout the equilibration process. 
Analysis of their effects on equilibration process is important to avoid any barrier in the 
equilibrium process, thus ensuring that the final equilibrium point is approached from the right 

before oxidation 

after 
 oxidation 
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direction within the required time. Several possible reactions in the gas/slag/matte/spinel 
equilibration process are listed below: 

(i) Reactions in a single phase, such as within gas, slag, matte and spinel. 
For example:                      CO2(gas) = ½O2(gas) + CO(gas) 

SO2(gas) = O2(gas) + ½S2(gas) 
(ii) Reactions between two phases, such as between gas-slag, gas-matte, gas-spinel, slag-

matte, slag-spinel, and matte-spinel. 
For example:        Fe2O3(slag) + CO(gas) =2FeO(slag) + CO2(gas) 

CO2(gas) = O(matte) + CO(gas) 
FeS(matte) + Cu2O(slag) = FeO(slag) + Cu2S(matte) 

(iii) Reactions between three phases, such as between gas-slag-matte, gas-slag-spinel, gas-
matte-spinel, and slag-matte-spinel. 
For example:         FeS(matte) + 3CO2(gas) = FeO(slag) + 3CO(gas) + SO2(gas) 

3FeO(slag) + CO2(gas) = Fe3O4(spinel) + CO(gas) 
3FeS(matte) + 10CO2(gas) = Fe3O4(spinel) + 10CO(gas) + 3SO2(gas) 

Different combinations of these elementary reactions will result in different overall process 
kinetics. 

 

 
Figure 2. FactSage prediction of equilibria in the Cu-Fe-O-S-Si system between gas-slag-matte-

spinel at T=1200˚C and P(SO2) = 0.25 atm: a. Partial pressure of gases vs matte grade; b. 
Composition of matte vs matte grade; and c. Composition of slag vs matte grade. 
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Figure 2 provides the predicted compositions of phases as function of copper in matte/matte 
grade from gas/slag/matte/spinel equilibration at 1200 °C and at P(SO2)=0.25 atm from 
calculation using FactSage public database [15]. From this set of figures, it can be observed that 
approaching equilibrium point from low� to high�copper in matte leads to: 

a. An increase in effective equilibrium oxygen partial pressure and a decrease in 
sulphur partial pressure in the system as reaction progresses � Figure 2(a); 

b. A decrease in concentrations of Fe and S in matte � Figure 2(b); and 
c. A decrease in Fe/SiO2 and S in slag and a slight increase in Fe2+/Fe total � Figure 

2(c). 
Approaching equilibrium point from high� to low�copper in matte will give composition 
changes in opposite direction.  

Investigation on gas/slag/matte/tridymite equilibrium [16] showed that precipitation of solid can 
take place on the surface of sample and may block further reactions with gas phase. In the 
gas/slag/matte/spinel systems, the solid (spinel) will precipitate when approaching equilibrium 
point from low� to high�Cu in matte (high� to low�Fe in matte) as shown by this simplified 
reaction:  

3FeS(matte) + 10CO2(gas) = Fe3O4(spinel) + 10CO(gas) + 3SO2(gas) 
It may be reasonable to approach the final equilibrium point from high� to low�Cu in matte to 
avoid the precipitation of solid on the surface of sample that may block further reactions with gas 
phase. However, it is worth to note that this approach will result in a significant dissolution of 
spinel (Fe/SiO2 of the liquidus increases drastically, see Figure 2(c)). Since spinel substrate is 
fragile and easily reacts/dissolves in slag, it is practically more convenient to approach the 
equilibrium point from lower Cu in matte/lower matte grade (precipitating spinel) so that the 
integrity of the substrate can be maintained. Several trials were carried where the final 
equilibrium points were achieved from lower matte grade. No blockage of sample surface by the 
spinel precipitation was detected. The spinel most likely precipitated in the liquid or on the 
existing spinel substrate. To avoid excessive precipitation of spinel, the initial mixture in the 
final experiments was planned as close as possible to the expected equilibrium point. 

2.5. Microanalysis approach to obtain representative equilibrium phases compositions 

A complete equilibrium may not be achieved across the whole sample if starting composition is 
far from final equilibrium point. Inhomogeneities at micro and macro scale may appear in the 
sample. Analysis of these compositional gradients is important to identify reactions taking place 
during equilibrium process. Eventually the analysis result can be used in the experiment to 
confirm the achievement of the final equilibrium point, for example by modifying experimental 
methodology, adjusting starting composition, or varying the equilibration time. 

As part of the analysis of the inhomogeneity in the sample, a classification of different phases 
and locations has been proposed during the investigation of gas/slag/matte/tridymite equilibrium 
[16]. Similar classification was used in the present study on the gas/slag/matte/spinel 
equilibrium. Figure 3 shows modified micrograph from the gas/slag/matte/spinel to demonstrate 
schematically different type of phases and locations within sample. Definitions of symbols used 
in Figure 3 are given in Table 1 and Table 2.  
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Some local areas (pockets) in the sample may achieve the final equilibrium point locally. For 
example, location in Figure 3 at which there is contact point between gas-matte-slag (matte = b’
or b, slag = B) may reach equilibrium readily. At these locations, matte and slag may have 
sufficient exposure to the gas atmosphere and may have shorter path for diffusion and exchange 
of elements between phases compared to other locations. As a result, the compositions at this 
location may be taken as a final result. This approach requires a careful analysis of the sample 
since each sample/system may be exposed to the experiment condition / may behave differently. 

Figure 3. Schematic of different phases and locations within sample from the
gas/slag/matte/spinel equilibrium. 

Table 1. Definition of various types of matte related to proposed classification in Figure 3 [16]. 
Matte Terminology Abbreviation

Entrapped matte, droplet a
matte-Gas exposure close to slag, Chunky shape b
matte-Gas exposure close to slag-small particles b'
matte-Gas exposure far from slag c
matte far from gas far from slag d
matte far from gas close to slag, channel-shaped e
matte far from gas close to slag, chunky-shaped f

Table 2. Definition of various types of slag phase related to proposed classification in Figure 3
[16]. 

Slag Terminology Abbreviation
slag-matte far from gas A
slag-matte close to gas B
slag far from matte close to gas C
slag far from matte far from gas D

gas

spinel

matte

slag
matte-a

d

f

b
b’

matte

b
b

B

B
A

C

D

e
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3. Experimental Results 

The equilibrium result in the gas/slag/matte/spinel system is represented in selected graphs which 
is minimum in number but sufficient to completely describe the equilibrium phases, i.e. gas, slag, 
and matte. A set of graphs has been developed and include the following:  

i) For matte phase:  
� Log10[P(O2),atm] versus matte grade (matte grade = %Cu/[Cu+Fe+S]) 
� Sulphur in matte versus matte grade 

ii) For slag phase:  
� FeO/(FeO+SiO2+Cu2O+S) in slag versus matte grade 
� Sulphur in slag versus matte grade  
� Cu2O in slag versus matte grade 

All expressed as a function of matte grade. Oxygen concentration in matte and Fe2+/Fe3+ in slag 
were not measured in this study.

Each of the graph contains experimentally measured values, values predicted with FactSage 
using the existing public database, and current “believed-to-be-true” equilibrium values. The 
“believed-to-be-true” equilibrium line is generated based on the preceding experimental results, 
it is continuously corrected using validated equilibrium points from on-going experimental work 
so that the equilibrium values are obtained systematically through iterative experiments. 

3.1. Typical appearance of phases 

Figure 4. Micrograph of sample from gas/slag/matte/spinel experiment at T=1200˚C, P(SO2) =
0.25 atm, Log10[P(O2),atm]= -8.5, and equilibration time=24h.

Typical “well-quenched” sample image taken using scanning electron microscope with 
backscattered electron detector (SEM-BSE) is shown in Figure 4. Copper veins, most of the time 
associated with cracks, were observed within the matte phase. Based on numerous test, it was 

spinel

slag

matte

gas

poor quench
area

High-Cu vein

1213



decided to perform EPMA measurement using large probe diameter and across the Cu veins to 
obtain representative composition of the matte phase. Well crystallized spinel solids (light grey 
phase) were observed. It can also be seen in Figure 4 that slag phase (dark grey phase) close to 
the surface are relatively homogeneous, the slag phase near the spinel on the other hand was 
found to have few bright spots possibly due to poor quenching. Careful selection of measurement 
area is required to obtain true/representative compositions of phases.  

3.2. Experiments with extended time 

Experiments of gas/slag/matte/spinel system at extended time up to 48 hours have been carried 
out to ensure that 24 hours equilibration time is sufficient for the achievement of equilibrium. 
One condition was selected for this test at T=1200ºC, P(SO2)=0.25 atm, Log10[P(O2),atm]=-8.2 
with matte in the initial mixture estimated to have 70 wt % Cu. The experiment results are 
represented in set of graphs compiled in Figure 6. The matte compositions measured in samples 
after 24h and 48h equilibrations were between 73.8 and 75.1 wt% Cu. There was no clear trend 
or significant increase in matte grade with extending time (Figure 6(a)); the observed variation 
was within the experimental uncertainty. The measured slag compositions from normal 
equilibration time and extended time are plotted in Figure 6(c) until Figure 6(e). The figures 
indicate that there were no systematic changes in Cu, “FeO” and S concentrations in the slag 
with extending equilibration time. It can be concluded that 24 hours provides sufficient 
equilibration time for the gas/slag/matte/spinel system to reach equilibrium. 

3.3. Independent confirmation by different researcher 

Independent confirmation has also been carried out by different researcher (Dr Mehrjardi) to 
confirm the present experimental result. Spinel substrate with spiral shape (Figure 5) was 
adopted to improve equilibration process and enhance the quenching result. The experimental 
results for equilibrations at 1200ºC, P(SO2)=0.25 atm, and Log10[P(O2),atm]=-8.5 using two 
different substrates (envelope with open ends and spiral substrates) are plotted in Figure 6. There 
was no significant difference in matte and slag compositions between the two trials. 

Figure 5. Spinel substrate with spiral shape made by oxidizing iron wire. 
1.5 cm 
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3.4. Ag distribution between slag and matte 

The experimental results for the gas/slag/matte/spinel system containing Ag as minor elements 
from 24 hours equilibration at 1200oC, P(SO2)=0.25 atm and Log10[P(O2),atm]=-8.1 are plotted 
in Figure 6 and Figure 7. The major elements compositions in matte and slag phases were found 
to be in agreement with those from experiments without Ag minor elements (Figure 6). The Ag 
concentration in matte of different particles was uniform around 0.15 wt%, while the Ag 
concentration in slag of different locations had high variation between 2 and 8 ppm. Distribution 

coefficient of Ag ( ) expressed as logarithmic value of ratio between Ag concentration in 

slag and Ag concentration in matte was approximately -2.51. The distribution coefficient of Ag 
from equilibration in gas/slag/matte/spinel system is compared to those from equilibration in
gas/slag/matte/tridymite system in Figure 7. 

4. Discussion 

The results from equilibration experiments in the gas/slag/matte/spinel systems without and with 
Ag as minor element are compiled in Figure 6 together with previous results in gas/matte/spinel 
system and FactSage prediction calculated using public database [15]. 

Figure 6(a) gives relationship between matte grade and oxygen partial pressure. Only results by 
Kaiser & Elliot [9] are included in the figure since their investigation in the gas/matte/spinel 
system was carried out at the same range of P(SO2) as the present study. Kaiser & Elliot [9] 
carried out experiment using mixture with known Cu/Fe ratio. The matte was equilibrated in 
alumina crucible at 1195 °C for 24 hours under CO/CO2/SO2 gas stream. The oxygen partial 
pressure in the gas stream was adjusted to the point where spinel started to precipitate from 
matte, this was confirmed using optical microscope. Using scanning electron microscopy 
equipped with energy dispersive X-ray analysis (SEM-EDAX), it was found that the spinel 
contained less than 0.5 wt% Al. The present results in the gas/slag/matte/spinel system show a 
clear relationship between matte grade and oxygen partial pressure. The experimental results 
show that with increasing P(O2) from 10-8.5 to 10-8.2 atm increased the matte grade from around 
63 wt% to 75 wt%. Data reported by Kaiser & Elliot [9] seems to be an extension of the present 
data at lower matte grade. FactSage prediction using public database reproduce the current and 
previous results [9]. 

Figure 6(b) shows that the sulphur in matte from present measurements increases with 
decreasing matte grade. Similar trend is shown by FactSage prediction, the prediction however 
cannot reproduce the trend at lower matte grade suggested by Kaiser & Elliot [9]. The 
discrepancy is most likely due to the matte solution in the public database was modelled as 
sulphide solution without oxygen component. In reality, matte at high-Fe content is an oxy-
sulphide solution. 

“FeO” concentration in spinel liquidus as function of matte grade is plotted in Figure 6(c). The 
present results suggest lower “FeO” concentration than that given by FactSage prediction. The 
“FeO” concentration in the liquidus indicates that the spinel solid becomes more stable with 
increasing matte grade. 
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Sulphur solubility in slag as a function of matte grade is reported in Figure 6(d). Both the present 
measurement and FactSage prediction show that the sulphur in slag decreases with increasing 
matte grade. The sulphur solubility in slag can be represented by the simplified reaction below: 

S(slag) + O2(gas) = SO2(gas) 
The oxygen partial pressure increases with increasing matte grade. Consequently at fixed SO2

and assuming the activity coefficient of sulphur in slag remains constant, the sulphur in slag is 
expected to decrease with increasing oxygen partial pressure (or increasing matte grade). 

Copper concentration in slag as function of matte grade is shown in Figure 6(e). The current 
experimental results give significantly higher copper in slag than that from FactSage prediction. 
Present result shows that at matte grade between 63 � 76 the copper concentration in slag is 
between 0.8 � 1.1 wt%. 

Distributions coefficient of the Ag ( ) is presented in Figure 7.  from other researchers 
[17, 18] from gas/slag/matte/tridymite equilibration are also compiled in the figure. In general, 

most of the Ag is contained within the matte phase. Previous investigations show that 

decreases with increasing matte grade up to +72 wt% above which the  increases with 

increasing matte grade. It appears that the  from the gas/slag/matte/spinel experiment is 
lower than those from gas/slag/matte/tridymite experiments. Experimental confirmation is 
required to verify this observation. 

The fundamental information in the gas/slag/matte/spinel system is significantly important for 
understanding and improving the copper smelting and converting processes. The information 
provided can be used to analyse the effect of SiO2 fluxing towards the quantity of solid 
(magnetite/spinel) and the amount of chemically dissolved copper in the slag. The present work 
demonstrates the possibility for the investigation of the intricate gas/slag/matte system. Further 
investigation will be directed toward the investigation of the distribution coefficients of various 
minor elements in the system, as well as the investigation of the effects of temperature, P(SO2)
and P(O2) on the matte and slag compositions. Effect of slagging components, such Al, Ca, Mg, 
Cr, and Ti, on the equilibrium in the system is also a possible extension of the research program 
since these components are commonly found in the actual industrial sample. The present work 
also shows the necessity for re-optimization of the existing FactSage database. The present work 
is part of a larger integrated experimental and thermodynamic modelling research program on 
copper-making high-temperature systems. 
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Figure 6. Set of graphs describing equilibria in the Cu-Fe-O-S-Si system between 
gas/slag/matte/spinel from 24 hours experiments at T=1200ºC and P(SO2)=0.25 atm using 
envelope shape substrate with open ends (48 hours experiment and experiment with spiral 

substrate are indicated with label). 
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Figure 7. Distribution of Ag as minor element between slag and matte as function of matte grade 

in the Cu-Fe-O-S-Si system at spinel saturation from equilibration at T=1200°C and 
P(SO2)=0.25 atm. 
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5. Summary 
 
Experimental technique has been developed to study the gas/slag/matte/spinel equilibrium in the 
Cu-Fe-O-S-Si system at controlled gas atmosphere. Several measures have been taken into 
account to ensure/confirm the achievement of equilibrium. New data on the gas/slag/matte/spinel 
system and the distribution of Ag in the phases within the system at T=1200 
C and P(SO2)=0.25 
atm have been obtained. It was found that matte grade 63 and 75 wt% correspond to P(O2) from 
10-8.5 to 10-8.2 atm, respectively. It was observed that an increase in matte grade lead to a 
decrease in sulphur in matte, a decrease in “FeO” in slag, and a decrease of sulphur in slag. The 
chemically dissolved copper in the range of matte grade under investigation was found to be 
around 0.8 and 1.1 wt%. The distribution coefficient of Ag between slag and matte at spinel 
saturation from 24 hours equilibration at T=1200 
C, P(SO2)=0.25 atm, and P(O2)=10-8.1 atm 
was found to be approximately -2.51. This indicates that majority of Ag was accumulated in the 
matte phase. 
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Abstract 

 
Limited data are available on phase equilibria of the “FeO”-SiO2-PbO slag system at conditions 
used in the lead smelting due to difficulties from lead vaporization and interactions with metal and 
ceramic crucibles. Recently experimental procedures have been developed and successfully 
applied to complex industrial slag-metal-matte systems involving high temperature equilibration 
on a primary phase substrate and rapid quenching followed by the electron probe X-ray 
microanalysis. The liquidus isotherms and invariant lines in the “FeO”-SiO2-PbO slag system in 
equilibrium with air and with metallic lead have been constructed. Preliminary data compared to 
the FactSage package predictions demonstrate differences in some aspects, indicating the 
possibility for further improvement of the thermodynamic database. The present work is a part of 
the integrated experimental and thermodynamic modelling research program on multi-phase lead 
systems in support of the optimization and development of complex lead smelting, refining and 
recycling technologies. 
 

Introduction 
 
Improvement of the industrial lead production and recycling can be made through an informed 
decision on the selections of slag compositions, fluxing strategies, and operating conditions 
(temperature and oxygen blow) for given feed and product requirement. This can be facilitated 
through thermodynamic modeling in which phase equilibria, partitioning of major and minor 
elements between phases, activities, vapor pressure, and other thermodynamic properties of the 
relevant systems can be predicted/calculated rapidly and accurately over a wide range of process 
conditions in lead smelting, converting, and slag cleaning processes. 
 
The thermodynamic information on the slags with lead as a primary component is rather scarce, 
in particular for the reducing conditions, involving equilibria with metallic lead, that is the most 
important range for smelting operations. Integrated experimental and thermodynamic modelling 
research program has therefore been initiated to support the optimization and development of 
complex lead smelting, refining and recycling. The specific focus of the present research program 
is to provide accurate phase equilibria and thermodynamic information for the lead oxide and 
sulfide high temperature multicomponent multiphase systems including slag, matte, metal, speiss 
and all relevant solid phases through the integrated fundamental experimental and thermodynamic 
modelling study. 
 

1221

Advances in Molten Slags, Fluxes, and Salts: Proceedings of The 10th International 
Conference on Molten Slags, Fluxes and Salts (MOLTEN16)

Edited by: Ramana G. Reddy, Pinakin Chaubal, P. Chris Pistorius, and Uday Pal
TMS (The Minerals, Metals & Materials Society), 2016



Most of the low order PbO-containing systems have been experimentally well characterized in air 
previously, in nineties [1-6], and most of those systems have oxides with fixed oxidation state so 
that changing PO2 would not affect results. The intermediate oxygen partial pressure conditions 
affect the equilibria in the systems with transition metals, in particular – iron-oxide-containing 
systems where Fe2+ and Fe3+ are always present. Present research program therefore is focused on 
the iron-oxide-containing systems starting from low order PbO-FeOx and PbO-FeOx-SiO2 systems. 
 

Experimental methodology 
 
The experimental technique used to study the complex multi-component multi-phase systems 
involves high temperature equilibration in controlled gas atmospheres, rapid quenching and direct 
measurement of equilibrium phases with electron probe X-ray microanalysis (EPMA). This 
approach developed by the Pyrometallurgy Research Centre at the University of Queensland [7] 
forms the basis for the present study and is briefly outlined below. 
 
An artificial oxide mixture is prepared from the analytically pure powders or pre-sintered solids or 
pre-melted master matte/metal and master slag to obtain after equilibration a predetermined bulk 
composition X (Fig. 1). The starting materials are thoroughly mixed using an agate mortar and 
pestle, and then pelletized in a die using a press. The starting composition is selected to obtain two 
or more phases in the final sample after equilibration.  
 
Experiments are performed on substrates usually made of primary phase. This is essential for the 
lead metal containing system, preventing from interactions with crucible and support material and 
actually enables this experimental program to be performed. 
 
Gas atmosphere during experiments is controlled. Two types of high temperature equilibration are 
usually performed: 

1. An open-system equilibration in controlled gas atmospheres when excess of gas imposes 
equilibria on the condensed phases, and 

2. A closed-system equilibration – when condensed system establishes the gas atmosphere in 
terms of oxygen partial pressure and sulphur potential – can be carried out in neutral gas 
atmosphere such as Ar or in sealed silica ampoules. 

 
Both types of the experiments are performed in a vertical impervious ceramic tube in a resistance 
furnace (Fig. 2). The substrate is suspended on a wire and placed in the hot-zone of the furnace. 
The furnace temperature is monitored by using an alumina-shielded Pt/Pt-Rh 13% thermocouple 
with uncertainty within 5 K. 
 
After equilibration for predetermined time the samples are quenched into water with ice (T=0°C) 
or CaCl2 solution with ice (T=-18°C), so the phases present at high temperature and their 
compositions are retained at room temperature. The final microstructure and phases (Fig. 1) 
therefore represent equilibria existed at the temperature. 
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Figure 1. Hypothetical diagram to illustrate 
experimental technique for determination of 
phase equilibria. 

 
Figure 2. Experimental setup. 

The samples are mounted, polished and then examined initially using optical microscopy, and then 
Scanning Electron Microscopy (SEM) with Energy Dispersive Detector (EDS). The compositions 
of the phases (glass and solids) are then measured using a JEOL JXA 8200L electron probe X-ray 
microanalyzer (EPMA) with Wavelength Dispersive Detectors (WDD). An acceleration voltage 
of 15 kV and a probe current of 15 nA are usually used. The appropriate standards are selected to 
the oxide, sulphide or metal phases. The phase compositions are measured with EPMA with 
accuracy within 1 wt % or better. EPMA is used to measure the total metal cation concentrations; 
no information on different oxidation states are acquired in the present study, all metal 
concentrations are recalculated to selected oxidation states for convenience of presentation. 
 

Preliminary experiments and development of the experimental methodology 
 
Quenching technique brings the advantages of static phase equilibrium determination, in 
particular, a possibility of accurate control and verification of achievement of equilibrium. 
Achievement of equilibrium is by far the most important and common uncertainty in the equilibria 
studies, however, is not always obvious and not always given sufficient attention to eliminate 
errors. The overall approach to confirm achievement of equilibrium developed and used at 
PYROSEARCH is summarized as a four-points test and include [7]: 
1. Equilibration time: Confirming the equilibrium achievement by changing the equilibration 

time variation to confirm that no further changes take place with time. 
2. Phases homogeneity: Confirming the chemical homogeneity of phases and samples. 
3. Approaching equilibrium from different directions, for example by using different starting 

materials and compositions, temperature variation, by pre-melting of samples to ensure 
complete dissolution of solids and to confirm crystallization of solids; gas flow variation, by 
approaching the equilibrium from initially more oxidizing or reducing conditions. 
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4. Analysing possible reactions specific to the system taking place during equilibration, 
looking for possible signs of incomplete reaction pathways during equilibration. SEM imaging 
and EPMA analysis of the compositional gradients in a phase on the micro- and macro-scales 
are particularly effective in this analysis. 

The list of some elementary reactions specific to this system identified in preliminary series of 
experiments is listed in Table 1. The examples of microstructures from experiments having some 
of these reactions with corresponding comments are given in Fig. 3-4. Reactions (4) and (7) change 
Fe3+/Fe2+ in slag and after diffusion result in change of PbO concentration in slag through reaction 
(6). 

Table 1. Some elementary reactions during equilibration of samples in the Pb-Fe-Si-O system 
Phases Location Description 
A. Single Slag a) Diffusion of Pb, Fe2+, Fe3+, Si, and O within liquid slag  (1) 
B. Two 
phases 

Gas–Slag  a) Oxidation / reduction of slag: 
 2FeO (sl) + 0.5O2 (g) ↔ Fe2O3 (sl)    (2) 
b) Vaporization of lead species:  
 PbO (sl) = PbO (g)      (3) 
 2FeO (sl) + PbO (sl) = Pb (g) + Fe2O3 (sl)   (4) 
 Pb (met) = Pb (g)      (5) 

 Metal–Slag Metal / slag oxidation / reduction: 
 Pb (met) + Fe2O3 (sl) ↔ PbO (sl) + 2FeO  (6) 

 Slag–solid Precipitation / dissolution of solids (e.g. SiO2 or iron oxides) due to 
slow cooling or change in composition: 
 FeO1+x (solid) ↔ (1-2x) FeO + x Fe2O3 (sl)   (7) 

C. Three 
phases 

Gas–Metal–Slag Oxidation of metal component by gas and dissolution of oxidation 
product into slag: Pb (met) + 0.5O2 (g) = PbO (sl)   (8) 

 
Figure 3. Example of inhomogeneity in the non-equilibrium sample from preliminary experiment 
at 975°C on silica substrate, probably caused by gradual oxidation of Pb (metal) to PbO (slag), 
enhanced by a Fe2+/Fe3+ couple in the slag. Increased PbO concentration lowers liquidus 
temperature and leads to dissolution of magnetite crystals remaining only in the areas far from 
main places of PbO formation. 

T=975°C

slag

magnetite
quartz substrate

Pb metal

Ar (+O2 residues)
0.5O2(residues in Ar)
+2FeO = Fe2O3

0.5O2+Pb (metal) = PbO (slag)

Fe2O3+Pb (metal) 
= 2FeO+PbO (slag)
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Figure 4. Non-equilibrium sample from series of preliminary experiments, affected by 
composition change due to the overall reaction 2FeO (sol) + PbO (sl) = Fe2O3 (sol) + Pb (met) 
with wustite-containing substrate. The extents of the composition change were different extents 
depending on the slag to substrate ratio in the local areas. Careful treatment of substrates has been 
introduced in later experiments to avoid this issue. 
 
EPMA control of compositional gradients is essential to identify key reactions taking place in 
samples during equilibration. Therefore, it helps to introduce required modifications to 
experimental methodology; some of the modifications added in this study on the PbO-"FeO"-SiO2-
Pb system are as follows. Master-slags were introduced to facilitate formation of liquid at lower 
temperatures with lower PbO activity thus minimizing vaporization of Pb and PbO and speeding 
up dissolution of other high-melting-temperature components (Fe, Fe2O3, SiO2). Preliminary 
sintering of wustite (FeO1+x) and magnetite (Fe3O4) powders from pure iron foil in gas mixtures 
with appropriate CO/CO2 ratios was introduced to enhance their incorporation into liquid and 
homogenization. The geometries of the silica substrates and the preparation methodology of the 
wustite (FeO1+x) and magnetite (Fe3O4) substrates were carefully controlled to minimize 
corresponding uncertainties. Metallic iridium can be used as support for the PbO-"FeO"-SiO2-Pb 
system, and platinum – for the oxidized system in air. Addition of CaCl2 into quenching liquid not 
only decreases freezing temperature, but also increases boiling temperature of the solution (the 
eutectic at -50...-55°C, 29.6 wt. %, ρ=1.29 g/cm3, Tboil=111°C) [8]. Polishing method was selected 
from various possible options [9] for the samples containing very soft Pb, moderately hard slag 
glass, magnetite and other compounds, and very hard quartz crucible. Appropriate standards were 
selected for accurate EPMA quantitative elemental analysis, including K-456 glass (certified 
65.67±0.26 % Pb, 13.37±0.24 % Si by mass) standard from NIST [10] for Pb; pure SiO2 for Si and 
Fe2O3 for Fe. 

SiO2-rich 
(PbO-poor) area, 
resulted from 
interaction with 
under-oxidized 
substrate 

Bulk area, more 
close composition 
to initial,  
owing to greater 
slag : substrate 
ratio 
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Results 

 
Examples of typical microstructures obtained on silica and magnetite substrates are shown in Fig. 
5. 
 

 
Figure 5. Examples of micrographs for samples in various areas of the PbO-“FeO”-SiO2-Pb 
system. 
 
Liquidus surface in the PbO-"FeO"-SiO2-Pb system predicted with the current FactSage database 
[11] is shown in Figure 6a. Figure 6b presents preliminary estimate of the liquidus derived from 
experimental results obtained to date. 
 
Comparison of Fig. 6a and 6b shows that the qualitative arrangement of primary phase fields was 
predicted by FactSage well. Thermodynamic database for the Pb-Zn-O-containing slag developed 
nearly two decades ago [12] used data and models available at that time. Limited experimental 
information for the oxide systems only in air and in equilibrium with metallic iron was available 
then. Many improvements in modelling techniques have been made since that time. This explains 
the differences between calculated and experimental liquidus temperatures that include: 1) 
predicted liquidus temperatures are 100-200°C higher in the tridymite primary phase field; 2) the 
predicted fayalite primary phase field is about twice larger; 3) the predicted tridymite-spinel 
boundary line is at ~ 5% lower SiO2 concentration; 4) the predicted spinel primary phase field is 
significantly smaller compared to experimental results. 
 
Currently, the work is in progress, and further experiments are being conducted throughout all the 
PbO-“FeO”-SiO2 system, both in air and in equilibrium with Pb metal.  
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Figure 6(b). The liquidus surface of the phase diagram of the PbO-"FeO"-SiO2-Pb system between 
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Summary 

Methodology was developed for the system in equilibrium with Pb and several modifications 
specific to this system have been introduced to improve the reliability of results. The liquidus in 
the PbO-“FeO”-SiO2 system in equilibrium with metallic lead has been systematically investigated 
for the first time with focus on the tridymite, magnetite and hematite primary phase fields at 800-
1300°C. Further experiments are under way to refine the present results and to investigate other 
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conditions of interest to the lead production process. Present results are essential for further 
revision and improvement of the FactSage thermodynamic database. 
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Abstract 

 
The growth rate of copper sulfide precipitates has been measured in low carbon steel samples 

such as Fe-0.3mass%Cu-0.03mass%S-0.1mass%C and Fe-0.1mass%Cu-0.01mass%S-
0.1mass%C. Heat-treatment of the samples was conducted at 1273, 1423 and 1573 K for 100 s – 
14.4 ks for precipitation of copper sulfides and then the samples were observed by a scanning 
electron microscope and a transmission electron microscope to measure the diameter of copper 
sulfides precipitated in the samples. The growth rate of copper sulfide has been found to be well 
described by the Ostwald growth model, as follows: 

Rt
3 – Rt

3 = (ko/T)t 
where Rt and R0 are the radii of copper sulfide precipitates, respectively, at t = t and t = 0 where t 
is time, kO is the rate constant in this model and T is thermodynamic temperature. The values of 
kO produced diffusion coefficient and activation energy, which values are close to those of 
copper in austenite iron. In addition, the existence of copper sulfide has been confirmed in 
samples of Fe-0.1mass%Cu-0.01mass%S-0.1mass%C, without and with annealing for the 
homogenization after melting and solidification process. The annealed sample did not show any 
copper sulfide precipitates in SEM images. The long homogenization treatment confirms that 
copper sulfide precipitation is meta stable phase caused micro-segregation by rapid solidification. 
 

Introduction 
 
Growing attention has been paid to the steel production from steel scrap in the respect that it 

yields less energy consumption and lower environmental impact compared with the ironmaking 
process by blast furnace. However, steel scrap usually contains a considerable amount of 
impurities such as copper; furthermore, repeated recycling of steel scrap gradually increases the 
concentrations of impurities. In particular, copper impurity has harmful effects remarkably on 
recycled steel. The copper in steel is enriched as copper-concentrated liquid between iron oxide 
called “scale” and iron matrix by selective oxidation of iron. The copper-condensed liquid 
penetrates into grain boundaries of the iron matrix; resultantly, this penetration of liquid copper 
deteriorates toughness of the iron matrix and, much worse, develops cracks around the steel 
surface during the rolling process. This phenomenon is termed ‘surface hot shortness’ by copper1 

- 3).  
This problem due to copper is very difficult to be solved because copper is nobler than iron and 

cannot be eliminated from molten iron by common steel refinement. Thus, another measure is 
required and, for instance, it has been proposed to add nickel, which can prevent surface hot 
shortness inasmuch as nickel helps copper to be occluded into the scale4) and also raises the 
melting point of the copper-condensed phase. However, this process costs more since nickel is 
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expensive, moreover, nickel behaves as tramp element and is accumulated in steel as well as 
copper5). Silicon and boron have also been found to be effective to suppress surface hot shortness 
probably due to their effects on morphology and/or physical property of the copper-condensed 
phase6, 7) although the effects have not been well clarified up to now.  
Apart from additions of elements, rapid solidification and cooling processes such as strip 

casting can be one of the approaches to solve the copper problem. Rapid solidification can 
suppress the formation of liquid copper and then prevent surface hot shortness8). In addition, 
copper reacts with sulfur dissolved in scrap steel and precipitates in the form of copper sulfide in 
the casting process 9). This formation is favorable to suppress copper surface hot shortness by 
reducing copper concentration in solid iron.  
There have been three findings reported regarding the precipitation of copper sulfides. First, 

this precipitation inevitably occurs even if the concentration of copper in steel is lower than 0.01 
mass% which level is almost the same as that for impurity copper in common steel10). Second, 
copper sulfides are classified mainly into three types 11) as follows: 
 

1. Plate-like copper sulfide (PS) 
2. Shell-like copper sulfide (SS) 
3. Nano-scale copper sulfide (NS) 

 
Third, the morphology strongly affects the mechanical property of steel. In particular, NS 

copper sulfide is known to increase yield strength by precipitation hardening rather than grain 
refinement12, 13). As-cast strips have higher work hardening ability than heat-treated strips in case 
steel contains a little amount of copper and sulfur13). The reason has been reported as follows: 
nano-size copper sulfide is precipitated in as-cast strip and, by heat-treatment, the precipitate 
grows to have the mean size ten times larger than that in as-cast strip. This difference in 
precipitate size would dominate work hardenability. Although these researches reported the 
utility of fine copper sulfide precipitation, practical recycling steel process does not employ the 
precipitation as a solution for copper surface hot shortness because the stability and growth rate 
of copper sulfide precipitates has not been researched during heat-treatment.  
The stability and growth rate of copper sulfides should be better understood to evaluate the 

capacity of copper for recycling steel scrap by this process because heat-treatment causes 
increase or decrease in size of NS precipitates, which leads to the change in the mechanical 
properties and copper concentration of as-casted steel after heat-treatment. The present work 
aims to investigate the growth rate and stability of copper sulfide precipitates in steel by two 
approaches: measurement of change in the size of copper sulfide after various heat-treatments 
and confirmation of copper sulfides formation in as cast steel and in annealed one by 
homogenization heat-treatment to propose a suitable heat-treatment condition to keep good 
mechanical property and low copper concentration of as-casted steel. 
 

Experimental 
 
2. 1 Sample preparation  
Table 1 shows the chemical compositions of two steel samples used in the present work: it is 

noted that sample 1 contains higher concentrations of copper and sulfur than sample 2 and that 
these concentrations of copper and sulfur do not exceed the respective solubilities14, 15) in each 
sample. These samples were prepared from electrolytic iron plates (99.99 mass% purity), copper 
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granules (99.5 mass% purity), FeS powders (99 mass% purity) and carbon-saturated iron lumps 
(Fe-3.36mass%C), the last being prepared by pre-melting the iron plates and graphite powders 
(99.7 mass% purity) in an alumina crucible. Sample 1 was employed for easier identification of 
copper sulfide precipitates, while sample 2 was for simulating copper sulfide growth in the 
practical operation condition. Mixtures of starting materials as above were placed in alumina 
crucibles and heated up to 1873 K for 1 h in a flow of argon. After melting, the samples were 
water-quenched and cut into small pieces. For precipitation of copper sulfides, sample 1 was 
heated up again to 1273 K for 100 s, 900 s, 3.6 ks and 14.4 ks in an alumina crucible; in the same 
manner, sample 2 was also heated up again to 1273, 1423 and 1573 K. For confirmation of 
copper sulfide existing, another sample 2 
was melted at 1873 K, and subsequently 
furnace-cooled to 1673 K for 1 h and 
held for 24 h, followed by water-
quenching compare with copper sulfide 
formation in as-casted sample 2.  
 
2. 2 Microscope observation 
2. 2. 1 SEM analysis 
The size and existence of copper sulfide precipitates were determined using a scanning electron 

microscope (SEM) for sample 2. Specimens for SEM observation were cut and embedded in 
polyester resin and then were polished with alumina abrasives having particle sizes fro 
m 0.1 to 3 μm. The SEM used was coupled to a back scattered-electron detector and operated at 

the accelerating voltage of 10  15 kV to obtain high resolution performance. 

 
2. 2. 2 TEM analysis 
The chemical compositions of precipitates were determined by a transmission electron 

microscope (TEM) for sample 1. Specimens for TEM observation were cut into pieces about 3 
mm thick. These specimens were abraded sequentially using 200, 400, 600, 900, 1200, 2400 and 
4000 grit SiC papers with a motor driven disc polisher and were further polished sequentially 
using 9 and 1 μm grade diamond pastes. Subsequently, the specimens were etched by 
10vol%acetylacetone-1vol%tetramethylammonium chloride methyl alcohol (AA electrolyte 
solution). Carbon extraction replicas were also prepared through the standard procedure. Finally, 
specimens were etched again by AA electrolyte solution. The replicas were floated on nickel 
grids and a molybdenum double tilt specimen holder was used. The TEM was operated at 200 
kV and was coupled to an energy dispersion spectrometer (EDS). EDS analysis was performed 
with high-resolution and high-speed regarding the four elements, namely, Fe, Cu, S and O, and 
mapping images were obtained within 5 min. 
 

Results 
 
3. 1 Morphology and chemical compositions of copper sulfide and oxide phase 

There exist precipitates having different shapes and sizes in the SEM images of samples 1 
heat-treated at 1273 K for 0 – 14.4 ks. These precipitates can be classified into three types: iron 
oxide, shell-like copper sulfide covering inclusions (SS) and nano-scale copper sulfide (NS). 
Figures 1 shows morphology and chemical compositions of SS and NS precipitates observed by 
TEM, respectively. Precipitate SS is copper sulfide covering iron oxide having about 1 μm 
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diameter. The chemical compositions of iron oxide is approximately Fe–30at%O, which is 
probably a reflection of the presence of both iron and Fe1-xO, while copper sulfide precipitate 
seems Cu1.6S or Cu1.8S according to the 
concentration ratio of copper to sulfur 
from EDS analysis. This composition of 
copper sulfide is similar to those 
previously reported by other 
researchers16-18). On the other hand, there 
are also NS precipitates observed in the 
sub-micron meter size. Precipitate NS 
seems different from SS in size and 
morphology but their chemical 
compositions are close to each other. 
According to the previous reports17, 18), 
NS is considered to be Cu1.8S.  

 
3. 2 Growth rate of copper sulfide at 1273 - 1573 K 
Figures 2 and 3 show SEM images of samples 2 heat-treated for 0 – 14.4 ks at 1273 and 1573 

K, respectively. These samples contain almost the same types of precipitate: iron oxide, SS 
copper sulfide and NS copper sulfide as observed in Fig. 1. Figure 4 shows a relationship 
between holding time and weighed average radius of NS precipitates with the standard deviation 
as the error bars. These data have been obtained from 20 of the largest precipitates in the SEM 
image of some photographs having the area from 4.26 to 17.04 μm2. The size of NS precipitates 
increases with holding time. In addition, as the heat-treatment temperature is higher, the size is 
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larger and the number of precipitates is smaller compared with Figs. 2 and 3. In the present 
experimental conditions investigated, the number of precipitates is the largest in case of heat-
treatment for 14.4 ks at 1273 K, and the size of precipitates is the largest in case of heat-
treatment for 14.4 ks at 1573 K. Precipitate NS obtained by heat-treatment for 14.4 ks at 1573 K 
is comparable to those produced by Liu et al12). In their report, the size of copper sulfide 
precipitates provided by heat-treatment for 10.8 ks at 1473 K ranged from 100 to 800 nm and the 
mean size was about 200 nm. The mean size of NS precipitates in the present work is about 140 
nm.  
 

3. 3 Confirmation of copper sulfide formation in as-cast and annealed samples  
Figure 5 shows the SEM image of samples (a) without and (b) with annealing for the 

homogenization. The sample (a) without heat-treatment contains some fine precipitates in the 
SEM image. In contrast, the SEM image of sample (b) does not show any copper sulfide 
precipitates. These results indicate that copper sulfide precipitation requires rapid cooling from 
molten iron to solid iron without annealing. In the rapid cooling process, the micro segregation 
of copper and/or sulfur occurs and freezes, which segregation provides super-saturated region of 
copper and sulfur to induce copper sulfide formation as a meta stable precipitate. On the other 
hand, in the sample (b), slow solidification and long annealing probably provides the chance to 

the homogeneous distribution of copper and sulfur; 
therefore, copper sulfide may not form.  
 
 

 
Discussion 

 
4. 1 Application of Ostwald growth model to copper sulfide precipitation 
The Ostwald growth model has widely been employed to describe the growth rate of 

precipitates in a solid matrix. Liu et al19) have also applied this model to the growth of NS 
precipitates in iron to predict their size distribution. According to the Ostwald growth model, 
radius Rt of precipitates can be expressed by the following equation20):  

 Rt
3 – Rt

3 = (ko/T)t (1) 

where kO (m3/s) ≡ 8σD[M]Vm/9R, which represents the rate constant in this model, σ is the 
interfacial energy between copper sulfide and iron, [M] is the mole fraction of copper in iron and 
Vm  is the molar volume of copper sulfide. Figure 6 shows the relationship between holding time 
and values of the left-hand side of Eq. (1). The value of (Rt

3 – R0
3) is also in linear proportion to 

holding time. Rate constants kO derived from the slope of the linearity are 2.8×104 nm3K/s at 
1573 K, 9.6×103 nm3 K/s at 1423 K and 2.5×102 nm3K/s at 1273 K. The Arrhenius relation is 
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applied to the values of kO, resulting in Figure 7 showing the relationship between reciprocal of 
temperature and logarithm of kO in the temperature range from 1273 to 1573 K, in comparison 
with a value of kO derived from data reported by Liu et al12). These data are also in consistent 
with each other. The activation energy has been derived as 264 kJ/mol from the slope of the 
straight line, which value is in very good agreement with the activation energy reported for 
copper diffusion in austenitic iron, 272 kJ/mol19). The diffusion coefficient is also calculated 
from the relationship kO = 8σD[M]Vm/9R according to a previous work19). The interfacial tension 
between copper sulfide and γ-Fe is taken as 0.83 N/m. This value was basically measured for 
1073 K; however, it is now assumed to be constant because the temperature coefficient of 
interfacial tension between Fe and Cu2S is small, ranging from 0.61×10-3 N/mK21) to 0.09×10-3 
N/mK22). The molar volume of copper sulfide is 2.75×10-5 m3/mol19) at 1073 K and the mole 
fraction of copper in the matrix is 8.79×10-4 from the chemical composition. Table 2 gives 
values of diffusion coefficient derived from values of kO. The diffusion coefficients from the 
Ostwald growth model are in very good agreement with those of copper in austenitic iron, 
indicating that the growth rate of copper sulfide precipitates is dominated by copper diffusion. 
These agreements in the activation energy and diffusion coefficient conclude that the Ostwald 
growth model can well describe the growth of copper sulfide precipitates in iron. This would be 
because the Ostwald growth of copper sulfide precipitates occurs by driving force as small as 
decrease in interfacial energy of the copper sulfide precipitate though the copper sulfide 
precipitate is not stable in the solid iron having Fe-0.1mass%Cu-0.01mass%S-0.1mass%C. 

 
 

 
 

4. 2 Suggestion to heat-treatment conditions after strip casting 
On the basis of the growth rate and stability of NS precipitates, it is proposed that the heat-

treatment should be conducted around 1273 K to give the good mechanical property and low 
copper concentration to as-casted steel because copper sulfide precipitates grow as small as 20 - 
30 nm in several tens of minutes and maintain almost the number. Control of the size of copper 
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sulfides leads to formation of many copper sulfides precipitates at around 1273 K, as can be seen 
from Figs 2. Figure 8 shows the time-temperature-precipitation curves of copper sulfides and 
manganese sulfides18) reported by Sakai et al, who have investigated these sulfides by analyzing
their amounts in samples of Fe-0.06mass%Mn-
0.17mass%Cu-0.027mass%S heat-treated after 
solution treatment. This figure indicates that the 
nose of copper sulfide precipitation exists 
around 1273 K, where copper reacts with sulfur 
in iron to produce more nano-scale copper 
sulfides than at any other temperatures, and 
supports Fig. 5 in the present work. On the other 
hand, heat-treatment of higher temperature than 
1423 K for long holding time gradually does not 
keep the size and number of the NS precipitates 
since the copper sulfide precipitates are not 
stable and then decomposed. 

Conclusion 

The growth rate and stability of copper sulfide precipitates in solid low carbon steel has been 
investigated at temperatures of 1273, 1423 and 1573 K. Findings are summarized as follows: 

� The growth rate of the precipitates can well be described by the Ostwald growth model and
expressed by the mathematical form

Rt
3 – Rt

3 = (ko/T)t
The rate constans kO are 2.8×104 nm3K/s at 1573 K, 9.6×103 nm3 K/s at 1423 K and 2.5×102

nm3K/s at 1273 K.

� Long homogenization treatment confirms that copper sulfide precipitation requires the
micro-segregation for super-saturated region caused by solidification process, which
indicates that copper sulfide precipitates are meta stable in solid iron having Fe-
0.1mass%Cu-0.01mass%S-0.1mass%C.

� Applying the Arrhenius relation to the rate constants has given the activation energy of
copper diffusion as 264 kJ/mol. The diffusion coefficients have also been calculated from
the rate constants, as given in Table 2. Both the diffusion coefficients and the activation
energy are in good agreement with those for copper diffusion in austenitic iron.

� On the basis of the growth rate and stability of copper sulfide precipitates, it has been
proposed that the heat-treatment for as-cast strip steel be conducted at around 1273 K, at
which copper sulfide precipitates grow as small as 20 - 30 nm in several tens of minutes,
possibly leading to good mechanical property and low copper concentration of solid iron.
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Abstract

Steel slags, untapped at 1450-1650 oC, represent a large potential of energy saving and 
material recycling in metallurgical industry. Conventionally, the methods used for the heat 
recovery could be categorized into two types and the chemical methods offered the advantage of 
combination of multiple industrial sectors and production of the high value syngas. Herein, a 
novel chemical method was investigated, i.e., gasification reaction in the atmosphere of CO2

where both raw coal and raw char from coal pyrolysis were employed. Not only the 
thermodynamics of the gasification process in terms of syngas yields but also the kinetic 
mechanisms of the char gasification process were analyzed. It was clarified that the slag 
additions showed a great catalytic effect of the char gasification. Furthermore, the transformation 
of the iron valence state during the gasification was clarified and the potential of energy saving 
and emission reduction were estimated. 

Introduction

Nowadays with the continuous urbanization and industrialization in China, the emission 
reduction and resource shortage gradually become severe issues to be addressed in modern 
society. To deal with these problems, improving the energy efficiency in the traditional 
energy-intensive industries such as the iron and steel industry contributes to a significant strategy. 
In the past decades numerous advanced technologies have been introduced into the steel industry 
such as the continuous casting [1] and it is generally believed that heat recovery from the hot 
slags represents one of the greatest potentials of energy efficiency improvement in the steel 
industry [2-3]. In 2014, the output of crude steel in China was ~823 million Mt [4], accounting 
for half of the global production, and consequently, ~123 Mt steel slags were discharged in the 
steel industry. These high temperature slags, untapped at 1450-1650 oC, carried substantial 
amounts of high-grade thermal energy, accounting for an important energy resource and material 
resource; while the recovery ratio of this energy was quite limited, i.e., less than 2% [5]. 

To recover the waste heat from the hot slags, numerous methods have been developed in the 
past decades, which could be generally divided into physical granulation methods and chemical 
methods [2-3,6]. The physical methods were mainly focused on the granulation of the hot slags 
into small particles and then the improvement of the heat transfer between the hot slags and the 
working medium. Thus lots of granulation methods have been exploited including rotary cup 
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atomizer (RCA) [7], rotary cylinder atomizer (RCLA) [8] and spinning disk atomizer (SDA) [9]
methods. Compared to physical methods, chemical methods have been more extensively 
investigated recently because of the apparent advantages such as the production of high-value 
syngas and the integration of multiple sectors [6]. Meanwhile coal gasification is a clean and 
highly efficient route utilizing the coal resource and conventionally the heat required for coal 
gasification is supplied by the part combustion of the coal materials. In this case, the thermal 
energy in the steel slags could be a potential energy carrier supplying the heat for coal 
gasification, which was investigated in this study.

Experimental and methods

Sample preparations

In this study, a low-rank coal sample was first collected from Pingshuo power generation 
plant in Shanxi Province, China. The proximate analysis results show that the primary coal was 
mainly composed of 3.8% moisture, 31.6% volatile, 21.5% coal ash and 45.9% fixed carbon 
(wt. %). Meanwhile, an industrial steel slag was collected from Shougang Corporation in Beijing, 
China. The X-ray fluorescence (XRF) results show that the chemical compositions of this steel 
slag mainly comprised 41.9% CaO, 22.6% SiO2, 7.3% MgO, 4.1% Al2O3 and 22.6% Fe2O3 with 
the Fe2+/TFe of 0.63.

It should be pointed out that there were two ways to treat the primary coal for the further 
gasification. One is to heat the raw coal in a fixed tube furnace before gasification in the N2

agent to obtain the coal char. The compositions of the coal char prepared were 0.4% moisture, 
11.7% volatile, 18.0% coal ash and 70.3% fixed carbon (wt. %). Then the coal char obtained was 
thoroughly mixed with the steel slags with the mass ratio of 1:1 for the sequent gasification 
reactions. Another strategy was that the raw coal was thoroughly mixed with the steel slags 
before gasification and then the pyrolysis process was proceeding in advance during the heating 
process from the room temperature to the coal char gasification temperature designed. These two 
treatment approaches would not influence the final gasification results and thus herein only the 
coal char gasification integrated with heat recovery from steel slags was analyzed. In addition, 
before gasification all the materials used were dried for 10 hours and ground into small particles 
less than 200 meshes for the full contact of these materials.

Apparatus and Procedure

In the present study, a series of isothermal experiments were carried out to clarify the coal 
char gasification mechanism and the role of the steel slags. A gasification system was used to 
perform these tests, as displayed in Figure 1, which was mainly composed of two parts, i.e., a
TG analyzer part (S60/58341, Setaram) to perform the gasification experiments and a syngas 
analysis part (Testo pro350, Testo) to measure the contents of the syngas especially the transient 
CO content. From the viewpoint of carbon emission reduction, pure CO2 was chosen as the 
gasifying agent with a flow rate of 100 ml/min. In order to confirm the complete gasification of 
the coal char, the gasification temperatures were selected as 1000 oC, 1100 oC, and 1200 oC. 

The whole gasification process was mainly composed of several steps. The raw materials 
prepared were first placed into a corundum crucible with the height of 5 mm and diameter of 8 
mm and then put into the TG heating area. Then the materials were heated from room 
temperature to the set gasification temperature with a heating rate of 10 K/min in the agent of
100 ml/min N2 gas. After reaching the gasification temperature, it would be held for 10 minutes 
to stabilize the temperature and atmosphere. Then the N2 agent was replaced by the 100 ml/min 
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CO2 gas and the char/CO2 gasification took place. Meanwhile mass evolutions during the 
gasification was detected and recorded by the TG system and the syngas released was 
simultaneously measured by the syngas analysis system.

Figure 1. Schematic diagram of coal gasification system (a). This system could be mainly 
divided into two parts, i.e., (b) a part of gasification reaction and (c) a part of syngas 

measurement; (d) temperature file of the experiments

Results and discussions

General process of coal gasification

As aforementioned, generally the whole coal gasification process could be divided into two 
stages, i.e., a coal pyrolysis stage at low temperatures and a coal char/CO2 gasification stage at 
high temperatures. As an example, the mass evolutions of the samples during gasification at 
1000 oC are displayed in Figure 2 in detail. As can be observed, the whole experimental process 
could be obviously divided into two steps. First, during the non-isothermal heating process, the 
raw coal samples were primarily pyrolyzed into coal char in the agent of N2, during which the
chemical bonds in the organics were cracked and part of the syngas was thus released. After that 
the gasifying agent was transferred from N2 to CO2 during the isothermal reactions at high 
temperatures, the coal char prepared would react with the CO2 agent through the Boudouard
reaction and the sample mass was further decreased.
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2 r 1273CO +C 2CO, H =166.7 kJ/mol     (1)

From Figure 2(a), it can also be noted that during the second stage of coal char gasification, 
the slope of the TG curves was remarkably increased and the reaction rate was enhanced in 
presence of steel slags, which could indicate a catalytic effect. In order to further clarify this 
point, the DTG curves of the samples during the second stage of coal char gasification was 
further calculated, as displayed in Figure 2(b) in detail. As can be observed clearly, in presence 
of steel slags, the reaction rate was improved and the reaction time was greatly shortened, which 
undoubtedly proved that the steel slags could act as not only a good heat carrier but also an 
effective catalyst for the coal gasification reactions.

Figure 2. Mass evolutions of the samples during coal gasification at 1000 oC. (a) TG curves of 
raw coal gasification process and (b) DTG curves of coal char/CO2 gasification process.

Kinetic mechanism of the coal char gasification

As aforementioned, the general process of coal gasification in presence of steel slags could 
be first clarified based on the TG and DTG curves. More importantly, the kinetic mechanism of 
the coal gasification could be identified using the TG data and in this study the mechanism of 
second stage of coal gasification, namely coal char/CO2 gasification, was mainly analyzed. The 
analysis of the kinetic mechanism of the char gasification could be mainly divided into several 
steps. First, the conversion degree of the char gasification process x could be calculated based on 
the TG curves. Second the relationship between the conversion degree x and the time t could be 
described using the following equation:

0
F( )= ( )

( )

x dxx k T t
f x

(2)

where x, t, k(T), T, f(x) and F(x) are the conversion degree of coal gasification, time, apparent 
gasification rate constant, absolute temperature, differential and integral mechanism function, 
respectively. Then the linear relations of the integral mechanism function F(x) versus time t
could be analyzed using various mechanism models of gas-solid reactions developed in previous 
studies including Avrami-Erofeev models, shrinking core models and diffusion models [10-13].

It should be pointed out here that the analysis of the kinetic mechanism of coal char 
gasification was performed mainly based on three principles, i.e., the general understanding 
(physical meanings) of the individual kinetic models, the results demonstrated by the previous 
studies and the correlation coefficients (R2) of all plots. Actually, a good linear kinetic model 
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could suggest none effective physical-chemical meanings despite of a good mathematic
relationship [10]. All the plots were calculated and analyzed and the results for the gasification at 
1000 oC are displayed in Figure 3 in detail. It can be observed that the char/CO2 gasification 
could be interpreted by an A2 model (Avrami-Erofeev) without slags; while in presence of steel 
slags, the mechanism model changed from an A2 model to an A4 model. This model variation 
was first in agreement with a previous study [11]. Furthermore, an Avrami-Erofeev was 
reasonable to describe the coal char gasification because the porosity of the samples gradually 
varied with the reaction proceeding with time [10-13].

Figure 3. Kinetic mechanisms of the coal char gasification at 1000 oC. (a) Coal char without 
steel slags and (b) coal char with steel slags.

After determining the kinetic mechanism of the char gasification process, the apparent 
gasification rate could be calculated by means of Eq. (2). The using these rate constants, the 
apparent activation energy for gasification could be further deduced using the Arrhenius equation.
As a result, it was found that the activation energy remarkably decreased from ~90 kJ/mol to ~ 
15 kJ/mol due to the addition of steel slags. This indicated that the steel slags showed a great 
catalytic effect on the coal char gasification process. On the other hand, this visibly decreasing 
activation energy also indicated that the gasification would be greatly influenced by the mass 
diffusion step, which should be considered during an actual gasification process.

Syngas productions and the role of steel slags

As aforementioned, during the gasification process, not only the mass evolutions of the 
samples were detected but also the concentrations of the syngas was simultaneously measured, 
especially the transient CO content. Based on the transient curves of the CO content, the total CO 
yield during the gasification could be calculated, which was actually one of the main objectives 
in this study. Analyzing the CO yields during gasification reactions, it was found that the CO 
yield in presence of steel slags was higher than that without steel slags. The possible reason 
could be that the FeO in the slags was oxidized by the CO2 agent and thus part of CO was 
produced. In fact, there was high content of FeO in the steel slags, which could be oxidized by 
the pure CO2 gas. In order to confirm this point, the raw steel slags were heated in the pure CO2

agent at 1100 oC and the content of the syngas produced was measured. The CO content in the 
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syngas is shown in Figure 4. It can be proved that the raw steel slags could be oxidized, which 
enhanced the CO production during the char gasification process. In order to further clarify the 
reaction occurring, the slags after gasification were characterized by X Ray Diffraction (XRD) 
technique and it was found that the Fe3O4 phase in the slags remarkably increased. This indicated 
the existence of the following reaction during the coal gasification process:

2 3 4 r 12733FeO+CO Fe O +CO, H =16.1 kJ/mol (3)

Figure 4. Industrial concept integrated of sludge gasification and heat recovery from high 
temperature slags

Conceptual model summarized in the present study

In the end, a conceptual composed of multiple industrial sectors could be summarized herein 
including the steel industry, the coal industry and the chemical engineering industry, as displayed 
in Figure 5 in detail. The whole route of this strategy mainly consisted of several steps. First, the 
high temperature steel slags were produced during the steel making process in the steel industry. 
Meanwhile the primary coal was produced in the coal industry and pyrolyzed into raw coal char. 
Then there were two pathways to perform the char/CO2 gasification reactions in presence of steel 
slags. One was that the steel slags directly contacted with the coal char and the char gasification 
occurred; during this process, the full contact between these two materials was a significant 
factor to be controlled. The other was that the steel slags were first granulated and broken into 
small particles to increase the surface area through different granulation methods [7-9,14].
Consequently, the hot slags particles obtained were mixed with the coal char, the char 
gasification took place and then the syngas including CO, H2 and CH4 was produced. It should 
be pointed out that the syngas produced could indirectly be used in the chemical engineering 
industry for chemical product preparations or directly used in the steel industry after necessary 
gas separations.
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Figure 5. Conceptual model of the integration of heat recovery from high temperature steel slags 
and coal gasification

Conclusions

In this study, an emerging chemical method, i.e., coal gasification was investigated for the 
purpose of recovering the waste heat from high temperature steel slags in the steel industry. A
series of isothermal experiments were performed in the temperature range of 1000-1200 oC
under the CO2 agent. The results proved that the coal gasification process could be overall 
divided into two stages, i.e., a low temperature pyrolysis stage and a high temperature char 
gasification stage. Furthermore, the steel slags greatly changed the kinetic mechanism of the coal 
gasification, i.e., the kinetic model of char gasification changed from an A2 model to an A4 
model and the activation energy was greatly decreased indicating a catalytic effect of the steel 
slags. Moreover, from the thermodynamic respect, the CO yield was increased by the steel slags 
because of the reaction between the FeO in the steel slags and the CO2 agent.
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Abstract 

At present, interfacial phenomena between molten steel and oxides, usually called slag or mold 
flux, play an important role in steel processing for material design. Therefore, understanding 
interfacial tension is important for process control.  From this, we propose an interfacial tension 
measurement technique between molten steel and oxides using a modified oscillating drop 
method with levitation techniques. The interfacial tension data using traditional techniques based 
on the sessile drop method have been obtained only at temperatures around the melting point of 
iron due to dissolution of containers and the substrate into molten steel and oxides in higher 
temperature regions. Our proposed technique to obtain the temperature dependence of interfacial 
tension between molten iron and oxides is to use a core-shell form droplet including an interface 
between two liquids using electrostatic levitation, which negates the use for containers. The 
experiment was performed on the International Space Station using the electrostatic levitation 
furnace (ELF) in the KIBO module. 

Introduction 

Interfacial tension measurements are required in steel industries, which include smelting, 
continuous casting and welding. In the continuous casting process, mold flux made of molten 
oxides covers steel melt in the casting pool.  Here, the interfacial tension prevents the oxide from 
being pulled down into the steel melt.  In the welding process, the welding flux, made of an 
oxide, encloses the steel melt in order to prevent the melt from oxidizing and to control the shape 
of the welded part. For this control, the interfacial tension between the welding flux and the steel 
melt plays an important role. The interfacial tension in these processes is changed empirically by 
changes in the oxide composition. Therefore, in order to systematically be able to control the 
interfacial tension between molten oxide and the steel melt, we need to obtain the values of this 
tension for many kinds of these media1). However, oxide compositions were limited by 
temperature in previous measurements using a sessile drop with an x-ray radiograph2) due to the 
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difficulty in raising the temperature above the melting point of iron with conventional methods 
using a container. Therefore, a container-less technique must be used to measure the temperature 
dependence of interfacial tension between molten oxides and steel melts. As such, we planned to 
measure this interfacial tension using core-shell droplets with an oscillating drop technique in 
microgravity3).  Under these conditions, two immiscible liquids form a core-shell droplet which 
is dominated by the surface and interfacial free energies. Then the interfacial tension, which is 
the interfacial free energy per unit area, can be found.  The surface tension is measured using the 
surface oscillation technique from the surface oscillation frequencies of levitated liquid droplets.  
To execute the measurement of interfacial tension between molten oxide and steel melts forming 
a core-shell droplet, we selected the electrostatic levitation method to achieve the requirements 
needed for the measurement. We were able to use the electrostatic levitation furnace (ELF)4) 
installed on September  2015 in the KIBO module of the International Space Station (ISS). In 
this report, we review our research using the ELF for finding the interfacial tension between 
molten oxides and steel melts. 
 
 

Basis of oscillating drop technique using core-shell droplet 
 

a. Normal mode analysis of core-shell droplet 
 
Under microgravity conditions, immiscible liquids form a core-shell droplet. The surface 
oscillation of the core-shell droplet is analyzed from the equations of motion5). When dealing 
with core-shell droplets comprising incompressible and non-viscous fluids, the equations of 
motion for the core-shell droplet are described by the following equations using velocity 
potential in spherical coordinates shown in Figure 1; 

±
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where R1,R2  are core and shell radii and 1, 2  are the density of the core and shell liquids, 

respectively. 2  is the surface tension of the shell liquid. In equation (3), 0 = 8 2 2R2
2  is the 

normal mode frequency of a single droplet as derived by Rayleigh6) and two frequencies, 

+ and , must exist. From these equations, interfacial tension 12 is obtained from 
the two frequencies, + and , of surface oscillations of the levitated core-shell droplet. 
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Also, important parameters required for determining the values of interfacial tension are the ratio 
of core and shell radii and the difference in density between core and shell liquids described in 
eqs. (4) and (5).  

 
Figure 1 Schematic diagram of core-shell droplet configurations.  

 
 

b. Numerical simulation of core-shell droplet 
 
In analytical studies of the surface oscillations of a core-shell droplet, since core and shell liquids 
are assumed to be non-viscous fluids, we cannot know how the viscosity affects the surface 
oscillations. Since molten oxides are very viscose and the viscosity changes with composition, 
we performed numerical simulations to understand how the surface oscillations vary with 
changes in the viscosity of molten oxides and also the ratio of shell and core liquids7). For the 
numerical simulations, we solved the Navier-Stokes equations without external forces, and a 
Volume of Fluid (VOF) function was used for the interface motions. Input parameters are listed 
in Table 1. Physical parameters of core part are used for pure iron values obtained by our 
experiments using electromagnetic levitation. That of shell part of oxides values are not 
experimental values. We use the average of values found in the literature for SiO2-CaO-Al2O3, 
smelting slag. Figure 2 shows how the radius changes with time for core and shell liquids with 
different radii ratios. In these results, the viscosity ratio of shell to core liquids is fixed at 3.9. 
Figure 3 shows the power spectra of surface oscillations shown in Fig.2. From these power 
spectra, we can see two peaks and find that their intensity depends on the ratio of the radii. 
Through numerical simulations with different conditions of viscosity and radii ratios, we found 
that optimal conditions to observe precisely two peaks in the surface oscillation of core-shell 
droplets is a viscosity ratio below 40 and a radii ratio of 1.3.7) 

Physical properties Iron melt Molten slag 

Density [kg/m3] 7.03x103 2.85x103 

Viscosity [mPa.s] 5.5 21.4,  107,  214 
Surface tension [N/m] 1.76 0.450 

Interfacial tension [N/m] 1.30 

Geometrical parameters  
  Equilibrium radius [mm] 0.549,  0.618,  0.706,  0.823 0.988 

 

Table1 Physical properties and geometrical parameters used in numerical simulations 7) 
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Figure 2 Effects of the ratio of shell to core liquid radii on oscillation behaviors of compound 
droplets for a viscosity ratio of 3.97). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Effect of shell to core liquid radii ratios on frequency spectra of a compound droplet for 

the case of viscosity ratios of 3.97). 
 
 
Short duration microgravity experiments by parabolic flight to make core-shell droplets of 

molten oxide and iron melt 
 
We must confirm that core-shell droplets are formed by molten oxides and steel melts under 
microgravity conditions before orbital experiments on the ISS are implemented. To do this, we 
observed the formation of core-shell droplets in microgravity experiments on a parabolic flight 
using a Gulfstream-II airplane operated by Diamond Air Service (DAS).  On the parabolic flight 
experiments, we could not use the ELF due to the difficulty in maintaining the sample position 
during parabolic flight due to rapid variations of gravitational forces. Therefore, we used 
electromagnetic levitation to observe the formation of core-shell droplets of molten oxide and 
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steel melts. A compact electromagnetic levitation facility, specialized for use in parabolic flight 
experiments on the G-II airplane was developed and a schematic is shown in Figure 48). Using 
this equipment, we were able to observe the formation of core-shell droplets of molten oxides 
and iron melts. Figure 5 shows time-series images of the formation of core-shell droplets of 
molten oxide and metal liquids taken by high-speed camera in microgravity during the parabolic 
flights8). The molten oxides in Figure 5 are commercially used ilmenite welding flux, which 
comprises mainly Al2O3, CaO and Fe2O3.  In the case of molten oxides and ilmenite welding flux, 
the iron melt was fully covered and formed a core-shell droplet.  
   

 
Figure 4 Schematic diagram of electromagnetic levitation facility for parabolic flight 

experiments. 
 
 We succeeded to make a core-shell droplet of molten oxide and iron melt, from which we were 
able to obtain its surface oscillation frequencies.  Surface oscillation frequencies were obtained 
by the same procedure as the surface tension measurements using the oscillating drop technique.  
An outline of the levitated droplet was extracted from the time-series images taken by the high-
speed camera, and then the change of radius and cross-sectional areas with time were obtained.  
Surface oscillation frequencies were derived from the time dependent changes using a Fast 
Fourier Transform (FFT) algorithm.  Figure 6 shows the result of surface oscillations of the core-
shell droplets in Figure 5.  The power spectrum is the result from the FFT of the surface 
oscillations after completely covering the iron melt with molten oxides.  The results show two 
peaks in the power spectrum of Area and R-.   From this we inferred that the droplet oscillated 
with two individual periods due to the interface between the molten oxide and the iron melt.  The 
results confirmed that it was possible to form core-shell droplets from molten oxides and iron 
melt.  According to the analytical solutions we can obtain the interfacial tension values from the 
frequencies of the two peaks, but in this parabolic flight experiment we could not capture the 
sample and hence could not obtain the radius ratio of core and shell described in equation (4).  
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Therefore, we were not able to obtain a correct interfacial tension value, however we were able 
to estimate an interfacial tension value of 0.7-0.8N/m using the droplet radius from the images 
shown in Figure 5(d) and a molten oxide density of 3600kg/m3.  The value is reasonable 
considering previously reported data.  From the parabolic flight experiments, we obtained 
important information of core-shell droplets in preparation of the samples for the orbital 
experiments on the ISS. On the basis of the results of this core-shell droplet phenomena, we 
selected 15 sample for the orbital experiments of interfacial tension measurements. Our 
experiment on the ISS will be conducted through 2 series before obtaining final results of 
interfacial tension between molten oxide and steel melts. The first series of experiments will 
measure the density, viscosity and surface tension of molten oxides in order to predict the 
interfacial tension before the orbital experiments.  Molten-oxide samples are selected by refining 
slag based on Al2O3-CaO with a small amount of SiO2. Since the selected slag’s viscosity is 
relatively low, the viscosity ratio will be kept below 40. From the numerical simulations and the 
parabolic flight experiments, we were able to decide the volume ratio of oxide to iron for the 
core-shell droplet. For the first series samples of core-shell droplet using an oxide based on 
ilmenite welding flux and iron, we prepared a radius ratio of 1.3. The oxide based on ilmenite 
welding flux are predicted to have a relatively low viscosity and interfacial tension, thus the 
radius ratio were decided mainly from the viscosity effect predicted from the numerical 
simulations. We prepared 3 cartridges, each containing 15 samples, for the first series of 
experiments in order to check the reproducibility of the measurements. Our three cartridges 
containing oxide and core-shell droplet samples were launching successfully on December 6, 
2015 onboard a Cygnus CRS OA-4 cargo from Cape Canaveral Air Force Station. The orbital 
experiments on the ISS of the interfacial tension measurements will start from March, 2016.   
The measurements made on the ISS under ideal microgravity conditions will allow us to obtain 
correct interfacial tension using the proposed technique.  
 

 
Figure 5 Time-series images of formation of core-shell droplet by the oxides used as welding 

flux and iron melts under microgravity conditions during a parabolic airplane flight. The droplet 
radius is about 5mm. 
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Figure 6 Power spectrum of surface oscillation of core-shell droplet by molten oxides and iron 
melts obtained under short duration microgravity conditions. Area, R+ and R- are cross-sectional 

area, sum of x-axis radius and y-axis radius and difference between x-axis radius and y-axis 
radius, respectively.  

 
 

Conclusion 
 
Our research project of interfacial tension measurements using core-shell droplets under 
electrostatic levitation and long-term microgravity conditions on the ISS had begun. These 
measurements of interfacial tension between molten oxides and steel melts are required for 
applications in the steel industry. The measurement of interfacial tension between molten oxide 
and steel-melts uses the modified oscillating drop method on a core-shell droplet levitated in the 
electrostatic levitation furnace onboard the ISS. Since measuring the interfacial tension using this 
modified oscillating drop method is challenging and unprecedented, we must be rigorous in order 
to obtain precise data of interfacial tensions. In preparation for the orbital experiments on the ISS, 
numerical simulations and short-duration microgravity experiments by parabolic flight have been 
performed in order to understand the surface oscillation phenomena of core-shell droplet. 
Through these preparations, the samples for the first series of orbital experiments were launched 
on December 6, 2015.  We are refining the analysis of the surface oscillation of the core-shell 
droplet combined with numerical simulations in order to obtain precise values for the interfacial 
tension between molten oxide and steel melts from the first series of experiments in March, 2016. 
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Abstract 

Current processes for beneficiation of titaniferous minerals are energy-intensive and produce 
significant waste. The benefit of alkali roasting over existing process is that it minimises waste. 
Previous studies on liquid phase formation during alkali roasting of titaniferous minerals were 
based on the use of Na2CO3, whereas this study focuses on oxidative roasting of titaniferous 
minerals with either NaOH or KOH, using different alkali to mineral ratios. Phase equilibria of the 
Na/K-Fe-Ti-O system are calculated the results compared to observed results. This work attempts 
to characterise the alkali-rich liquid phase formed during roasting and determine its impact on 
alkali titanate and alkali ferrite separation, as it has been found that Ti-K–Fe–O and Ti –Na-Fe–O
ternary phases can be present. The presence of the liquid phase at the reaction interface adversely 
affects the oxygen diffusion during roasting, which has consequences on the products formed. 

Introduction 

The primary natural feedstocks that used for the production of titanium chemicals are: ilmenite; 
rutile, anatase and leuocoxene. These titanium bearing minerals are largely used to produce 
pigment grade TiO2 , with a smaller amount dedicated towards the production of Ti metal.  Pigment 
grade TiO2 is largely used for paper, plastics, paints and coatings industries. The two primary 
routes for TiO2 pigment production are the sulphate and chloride process, with the chloride process 
increasingly favoured due to it being more environmentally and economically favourable[1].
However, the chloride process requires high-grade titaniferous feedstock but decreasing supplies 
of high quality feedstock has led to the investigation of beneficiation of these minerals. This has 
led to increasing production of synthetic rutile and titanium slag for use as feedstock. However, 
existing methods such as the Becher and Benelite process and ilmenite are limited in their ability 
to treat low-grade titaniferous minerals. As a result, other processes such as alkali roasting have 
been investigated 
.
Previous studies focused on the alkali roasting of ilmenite include work by Foley and Mackinnon, 
where they roasted ilmenite with alkali carbonates at 860oC in air [2]. The resulting residues were 
then leached with hydrochloric acid (HCl). Lahiri and Jha investigated the kinetics and reaction 
mechanism of roasting ilmenite with Na2CO3, in the 600oC-900oC temperature range [3]. To
selectively remove the rare earth elements present in ilmenite Lahiri and Jha used KOH when 
carrying out oxidative roasting [4]. Ilmenite was roasted with NaOH at temperatures ranging from 
550oC – 900oC , by Manhique et al, where they observed the formation of Na-Ti-Fe-O ternary 
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phases [5]. A study on the effects of KOH and NaOH when roasting Bomar ilmenite was reported 
by Sanchez Segago et al, where roasting was followed by acid leaching in order to upgrade the 
TiO2 content [6]. Parirenyatwa et al performed a comparative study of the oxidative roasting of 
ilmenite with either KOH or NaOH, where the formation of ternary phases was also observed [7].  
 
A key step to the commercialisation of alkali roasting is understanding the role of the liquid phase 
during roasting. As it is often found to limit oxygen diffusion but also creates operational problems 
like ring formation in the rotary kilns.  Previous studies on liquid phase formation during alkali 
roasting of titaniferous minerals were based on the use of Na2CO3, where it was found that the 
alkali liquid played a role in the ilmenite decomposition [8]. This study focuses on oxidative 
roasting of titaniferous minerals with either NaOH or KOH at different alkali ratios and study the 
segregation of alkali titanates and alkali ferrites. 
 

Experimental 
 
Ilmenite mineral was used for this investigation, with the composition given in table I. The ilmenite 
mineral was roasted in air at 1000oC for 2 hours. For the roasting experiments, either KOH or 
NaOH was used in different ratios based on the stoichiometric amount needed to produce alkali 
titanate and alkali ferrite. The reaction mixture of alkali and ilmenite mineral was ground and well 
mixed before being placed in an alumina crucible. The alumina crucible was placed in a resistance 
furnace at 1000oC for 2 hours in air. After roasting samples were leached in hot water (90oC) for 
1 hour with the solution being stirred by a magnetic stirrer throughout the leaching process. 
Following leaching the samples were filtered using Whatman filter paper and then dried in an oven 
at 90oC. The dried residues were analysed using Scanning electron microscopy – energy dispersive 
X-ray spectroscopy (SEM-EDX) technique. The dried residues had to be heated at 800oC for one 
hour in order to make them crystalline and allow them to be analysed buy X-ray powder 
diffraction. 
 
 
Table I. Chemical composition of ilmenite mineral used for roasting experiments, as analysed by 

X-ray fluorescence. 

Wt. % TiO2 Fe2O3 MnO V2O5 Al2O3 SiO2 
 51.2 44.5 1.48 0.34 0.91 0.59 

 
Results and Discussion 

 
Thermodynamic evaluation  

 
The roasting of ilmenite with alkali in air results in the oxidation of iron from the 2+ state to the 
3+ state. The reactions performed proceed according to equations (1) and (2), which represent the 
stoichiometric ratios 
                     

FeTiO3  + 3KOH + 1/4O2→ K2TiO3+ KFeO2 + 3/2 H2O                                              (1) 
FeTiO3  + 3NaOH + 1/4O2→ Na2TiO3+ NaFeO2 + 3/2 H2O                                         (2) 

Although the plots for the Gibbs free energy vs temperature aren’t presented here the calculations 
were performed using HSC 5.1 software. This showed that reaction 1 is more thermodynamically 
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favourable than reaction 2 at 1000oC, with free energy values of -824.86 kJ and -153.83 kJ and, 
respectively [9]. 
 
Figure 1a and 1b are the ternary phase diagrams for K2O-Fe2O3-TiO2 and Na2O-Fe2O3-TiO2, 
respectively, calculated using the FACTSage software [10]. It can be observed from figure 1a that 
as the alkali content increases the liquid phase is present in the form of K4TiO4(l) and K2O(l) in 
the K-Ti-Fe-O system. However, there are no liquid phases that form in the Na-Fe-Ti-O system 
(figure 1b). The alkali ferrite phase is not present in figure 1a where as it can be observed in figure 
1b, which is because the thermodynamic data for the KFeO2 phase is not available in the 
FACTSage database. No ternary phases are predicted and this can also be explained by the lack of 
thermodynamic data in the FACTSage database. 
 

    
Figure 1. The ternary phase diagram of a) K2O-Fe2O3-TiO2 b) Na2O-Fe2O3-TiO2, computed at 

1000 oC using FACTsage software [10]. 
 
In order to predict the phases formed when roasting with different ratios of alkali, phase equilibria 
calculations were performed using the Gibbs energy minimisation technique, using the FACTSage 
software [10]. The results from the calculation are presented in    Table II. It can be seen that when 
the stoichiometric amount of KOH is used it is expected that K4TiO4(l) is the dominant phase 
present with some hematite and K8Ti5O14 present. As the KOH increases above the stoichiometric 
amount then it is expected that K4TiO4(l), hematite and KOH(l) will be present. The presence of 
this liquid potassium titanate would inhibit the diffusion of oxygen.  
 
The phase equilibria calculations performed for the ilmenite roasting with NaOH predicted the 
formation Na4TiO4 , Na2TiO3 and Fe2O3 when using a stoichiometric amount of alkali salt. As the 
alkali ratio increases the presence of NaFeO2 is predicted, with the Na2TiO3 phase disappearing. 
At twice the stoichiometric amount of NaOH, the hematite phase is predicted to be completely 
replaced with NaFeO2.  
The phase equilibria results for the two reaction systems differ in that it is predicted that there will 
be a molten titanate present when using KOH but not when using NaOH. This broadly agrees with 
the observation made from the phase diagrams presented in figure 1a and 1b. Also, when using 
NaOH it is predicted that the alkali ferrite would form but not when using KOH. This can be 
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explained by the fact that the thermodynamic data for KFeO2 is not available in the FACTSage 
database. 
 

Table II. Composition of roasting charge and equilibrium phase composition calculated using 
FACTSage software for roasting of ilmenite with either KOH or NaOH, with different ratios 

 
 KOH   NaOH 

Stoichiometry 1x 1.5x 2x  Stoichiometry 1x 1.5x 2x 
Species Moles  Species Moles 
FeTiO3 0.033 0.033 0.033  FeTiO3 0.033 0.033 0.033 
KOH 0.099 0.148 0.198  NaOH 0.099 0.148 0.198 
O2(g) 0.008 0.008 0.008  O2(gas) 0.008 0.008 0.008 

Equilibrium phase composition (mole fraction) 
Species     Species    

K4TiO4(l) 0.019 0.033 0.033  Na4TiO4(s) 0.016 0.033 0.033 
Fe2O3(s) 0.016 0.016 0.016  Fe2O3(s) 0.016 0.008  

K8Ti5O14(s) 0.003    Na2TiO3(s) 0.016   
KOH(l)  0.012 0.061  NaFeO2(s)  0.016 0.033 

     NaOH(l)   0.032 
H2O(g) 0.998 0.939 0.939  H2O(gas) 1.000 1.000 0.994 

 
Effect of roasting on phases formed 
 
The X-ray powder diffraction pattern (XRPD) patterns for the water leached residues after roasting 
of the ilmenite and KOH mixtre with different stoichiometric ratios are presented in figure 2a-c. 
Figure 2a shows that the stoichiometric amount of alkali led to the formation of  two different 
ternary potassium iron titanate phases, with K0.4Ti0.6Fe0.4O2 being the more dominant phase and 
K0.85Fe0.85Ti0.15O2 being  a minor phase. Figures 2b and 2c show that as the alkali added increases 
it can be seen that the intensity of peaks representing the ternary phase containing an increased 
amount of potassium and iron, K0.85Fe0.85Ti0.15O2, grows stronger. These results observed in the 
XRPD patterns differ with phase equilibria calculations displayed in table II. This is because the 
thermodynamic data for the K-Fe-Ti-O phase is not present in the FACTSage software database. 
 
Figure 2d-f, the XRPD patterns for water leached residue for ilmenite samples roasted with 
different ratios of NaOH. It can be seen that these rather complex patterns indicate the presence of 
complex Na-Fe-Ti-O ternary phases and hematite. These results partially agree with phase 
equilibria calculations as it predicted the formation of Fe2O3 and NaFeO2, but the formation of the 
ternary phase was not predicted as the thermodynamic data is not available in the FACTSage 
database. The sodium ferrite undergoes the hydrolysis reaction described in equation (3). This was 
confirmed by the pH increase observed during the water leaching stage. Heating of the residues 
converted the Fe(OH)3 phase to the Fe2O3 phase which was observed in the XRPD patterns.  
 

NaFeO2 + 2H2O → NaOH + Fe(OH)3                  (3) 
 

The clear differences between the XRPD patterns for the residues from KOH roasting and those 
the residues from NaOH  roasting are that KOH patterns are less complex and show that only K-
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Fe-Ti-O ternary phases formed, whereas the NaOH patterns have hematite and the Na-Fe-Ti-O 
ternary phases. This means that when using NaOH some of the alkali ferrite was able to segregate 
from the Na-Fe-Ti-O ternary phase but the alkali ferrite was unable to segregate from the K-Fe-
Ti-O ternary phase. The presence of the molten salt phase may inhibit this segregation and suggests 
that there is less liquid present in the Na-Fe-Ti-O system than in the K-Fe-Ti-O system, as 
demonstrated by the phase diagrams in figure 1. For both alkali salts the roasted samples fused to 
the crucible because of the formation of the liquid phase. 
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Figure 2. XRPD pattern of water leach residue after roasting ilmenite roasted with a) 

stoichiometric KOH b) 1.5 x stoichiometric KOH c) 2x stoichiometric KOH d) stoichiometric 
NaOH e) 1.5 x stoichiometric NaOH f) 2x stoichiometric NaOH. 1- K0.4Ti0.6Fe0.4O2(04-010-
9012), 2- K0.85Fe0.85Ti0.15O2 (00-062-0213), 3-Na2Ti4O9(04-011-2997), 4-NaTiFeO4(04-007-

8937)  5-Fe2O3 (04-011-9586), 6- Na2.65Ti3.35Fe0.65O9(04-014-6583) 
   

Effect of roasting with KOH ilmenite particle microstructure 
 

Figure 3 is the backscattered SEM image of the water leach residue after roasting of ilmenite with 
2 times the stoichiometric amount of KOH. Transgranular cracks can be seen throughout the 
microstructure of the particle. From the elemental mapping it can be seen that there is no significant 
segregation of the iron. This agrees with the XRPD results (figure 2a-c), where it was seen that the 
K-Ti-Fe-O ternary phase was the only product formed.   
Analysis of the edges of the transgranular cracks (Areas A and C in table III) shows that the iron 
content at these points is greater than the titanium content. Compositions of Areas B and D (in 
table III) agree with the compositions expected from the dominant phase, K0.4Ti0.6Fe0.4O2, 
observed in the XRPD patterns (Figure 2c). Point E is an area with significantly more titanium 
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than iron. Observing all the SEM-EDX results are presented in table III shows that the composition 
of potassium is fairly consistent at all the points analysed. 
 
 

 
Figure 3. Backscattered SEM image and elemental mapping of water leached residue after 

roasting of ilmenite with 2 x stoichiometric ratio of KOH. 
 

Table III. Elemental composition of areas A to E in Figure 3 analysed by SEM-EDX. 
 
 
 
 
 
 
 
 
 
Effect of roasting with NaOH ilmenite particle microstructure 
 
Backscattered SEM image of ilmenite roasted with 2 times stoichiometric amount of NaOH and 
then water leached is presented in figure 4. Similarly to the particle observed when roasting with 
KOH, it can be seen that there are transgranular cracks within the microstructure of the particle. 
However, these appear to be less extensive than when using KOH and this may be because of the 
larger atomic size of K+ ions when compared to Na+ ions - as both diffuse through the ilmenite 
lattice [6]. It can also be seen that there are light grey and dark grey phases present within the 
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%Wt Ti Fe O K Mn V 

A 21.7 29.8 34.2 14.0 - 0.3 

B 30.0 19.6 34.8 15.2 - 0.1 

C 22.8 26.4 36.7 13.4 0.3 0.3 

D 30.0 21.8 32.6 15.3 - 0.4 

E 41.4 5.7 35.9 16.7 - 0.4 
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particle. Elemental mapping shows that this is due to segregation of an iron-rich phase and a 
titanium rich phase. Removal of iron is necessary to upgrade the TiO2 content of ilmenite. The 
SEM-EDX results, presented in table IV, clearly show that the dark grey phase (Areas A, C and E 
in Table IV) contains more titanium and a limited amount of iron. Whereas the light grey phase 
(Area D in Table IV) contains more iron with less titanium present. This agrees with the XRPD 
patterns which showed segregation of alkali ferrite but also indicated the presence of Na-Fe-Ti-O 
ternary phases. Analysis of the edge of the transgranular crack (Area B on table IV) shows that 
there is significantly more iron present than titanium. 
 

 
Figure 4. Backscattered SEM image and elemental mapping of water leached residue after 

roasting of ilmenite with 2 x stoichiometric ratio of NaOH. 
 

Table IV. Elemental composition of areas A to E in Figure 4 analysed by SEM-EDX. 
 

 
 
 
 
 
 
 

 
Conclusion 

Oxidative roasting of ilmenite with NaOH or KOH lead to the formation of a liquid phase as 
demonstrated by the fusion of the roasted sample to the crucible. The XRPD patterns for the 
residues obtained from NaOH roasting showed that the phase equilibria calculations performed 
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%Wt Ti Fe O Na Mn V Al 

A 42.4 9.4 37.5 10.8 - - - 

B 13.8 50.5 26.6 8.3 0.2 - 0.6 

C 40.3 15.4 34.0 9.8 - 0.3 - 

D 4.5 63.2 23.5 8.6 - 0.2 - 

E 46.2 8.2 34.1 10.9 - 0.5 0.2 
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using FACTSage were partially accurate in predicting experimental results. The microstructure 
analysis for the water leached residues after roasting with either KOH or NaOH showed that the 
both alkali salts resulted in the formation of transgranular cracks, with KOH causing more cracks. 
There was segregation of the iron when roasting ilmenite with NaOH but this was not the case 
when using KOH.
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Abstract 

Effect of titania content and the basicity on precipitation behavior of bearing titanium blast 
furnace slag have been investigated with confocal scanning laser microscope. The results show 
that Ca2MgSi2O7 and Ca2Al2SiO7 are the main phases CaTiO3crystallized from the molten slag 
with 10 mass percent TiO2 . While there is only one phase crystalized when the mass percent of 
TiO2 reaches 30%. On the other hand, CaMg0.39Al0.87Ti0.48Si1.26O6, CaTiSiO5, CaMgSi2O6  are 
the main crystallization phases when the basicity is 0.8, which differs from the thermaldynamics 
calculation. It is suggested that such a difference is due to the complicated crystallization of the 
multiple slag under large cooling rate. When the slag basicity is 1.1, which equals to industry 
basicity, the crystallization phase is CaTiO3 due to the crystallization temperature of CaTiO3 is 
higher than other phases. 

Introduction 

Panzhihua-Xichang area has abundant vanadium-titanium magnetite ores, which accounts for 
more than 90% titanium resource in China. However, the current production process results in 
more than 50% titanium finally gathers in the blast furnace (BF) slag  in which the titanium 
content in terms of TiO2 in slag can be up to 23%. The high titanium content has a big influence 
on the utilization of the slag, especially due to its  high melting point phase. The rich-titanium 
phase (perovskite) effects on the slag property and thus causing difficulty for extraction of 
titanium [1,2]. On one hand, CaO mostly exists as perovskite with TiO2 in high titanium-bearing
BF slag, which in turn makes the slag unsuitable to be used as cement like the normal BF slag.
On the other hand, it has been challenging for the extraction of valuable secondary titanium 
resource from the slag. Historically, it was considered to be a promising technology by gathering 
titanium into perovskite. However, the perovskite yield is rather low owing to the adverse effects 
of the fine and uneven perovskite grains on the mineral separation. Therefore, it is necessary to 
study the crystallization behavior of perovskite in high titanium-bearing blast furnace slag.  

Confocal laser scanning microscope (CLSM) has been successfully used to study the high-
temperature behavior of slag system. Jung et al. observed the crystallization behavior of a 
calcium-aluminate system with various MgO content, CaO/Al2O3ratio and cooling rates using  
CLSM[3]. The results indicates a change in primary phase and crystal morphology from dendrites
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to faceted crystals to columnar crystals in the composition range. Jung et al. also investigated the 
effect of FeO concentration on the crystallization of high-temperature CaO–Al2O3–MgO–FeO 
melts[4]. Continuous cooling transformation (CCT) and time–temperature transformation (TTT) 
diagrams were plotted for different phases crystallized during the solidification, and the 
morphology of the primary crystals was determined. Orrling et al. studied the role of alumina 
particle in SiO2–CaO–Al2O3–MgO slag by CLSM[5]. Semykina et al. observed the crystal growth 
of liquid FeO–CaO–SiO2 slag during oxidation by using CLSM[6]. Sridhar and Cramb described 
the kinetics of Al2O3 dissolution in the CaO–MgO–SiO2–Al2O3 slag with CLSM. Study about of 
the precipitation behavior of the titanium bearing BF slag using CLSM remains few[7]. 
 
The main aim of current study is to clear the effect of titania content and basicity on the 
precipitation behavior of the high titanium bearing BF slag (TiO2>10 mass %).  
 

Materials and Sample Preparation 
 
To simplify the crystallization process and eliminate the impact of minor phases in industry slag 
such as TiC, the synthesized slag was used. The slag was prepared by pre-melting of 100g of 
powder mixture of chemical reagent with grade of CaO (98 pct), MgO (98 pct), SiO2 (99 pct), 
TiO2 (99 pct) and Al2O3 (98 pct), respectively. The aimed compositions refer to the industrial slag 

composition are shown in Table . The slag was also analyzed by X-Ray fluoroscopy, and the 

results given in Table  shows that there is small deviation with the designed composition. The 

chemical reagent powder was mixed after drying at 373K (100 ) for 6h. Then the mixed 
powder was put into a molybdenum crucible (50mm in inner diameter and 80mm in height) and 
melted with protective argon atmosphere at 1723K for 1h in MoSi2 furnace to ensure the slag 
was homogenized. After melting, the slag was cooled against a copper plate. Subsequently, the 
slag was broken, incised and polished into small slag samples in a wafer shape of 7mm in 
diameter and 3mm in height. the slag sample was cleaned in ultrasonic cleaning apparatus for 10 
min before running the CLSM study.  
 

Apparatus and Procedure 
 
The crystallization of synthesized titanium-bearing BF slag was observed in-situ by CLSM 
equipped with an infrared furnace (Lasertec, VL2000DX) which enables real-time in-situ 
observation at high temperature (up to 1973 K) of transient phenomena. The melting and 
solidification of the slag sample took place in a platinum crucible (inner diameter of 8mm and 
height of 5mm) under an argon atmosphere in the CLSM (Ar>99.999%). The platinum crucible 
was put on a platinum holder equipped with an R-type thermocouple in the infrared furnace. The 
halogen lamp irradiates light toward the golden cladding layer on of the reaction furnace 
chamber that reflects the energy towards the focal plane of the crucible to rapidly heat the slag 
sample. Prior to heating, the infrared furnace was evacuated and back-filled with argon 
alternatively thrice to remove the air from the furnace. The moisture and oxygen content in the 
argon were removed by using the purifier provided with the CLSM. After the sample reached 
thermal equilibrium, the melt was cooled at a controlled rate, and video images of the slag 
surface were collected (25 frame per second, 1920×1080). The temperature and time were 
recorded on the images, and this information was later used to analyze the results. The 
temperature accuracy was confirmed by melting experiments of pure copper (melting point: 1356 
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K) and pure nickel (melting point: 1726 K). In order to get the nucleation and growth of dendrite,
a small undercooling based on the theoretical calculation was set to get close to the isothermal 
crystallization condition. Furthermore, the cooled sample were examined using X-ray diffraction 
(XRD: D/max 2500PC).  

Thermaldynamics ca culation

Fig.1 Diagram calculated by FactSage of titanium bearing BF slag with different titania content
and basicity 

In Fig 1, number 1 to 9 on the horizontal line represents different basicity from 0.5 to 1.3 shown 
as in table 1. From the diagram it can be seen that when the TiO2 content in the slag keeps a 
certain value about 23%, CaAl2Si2O6 would firstly crystallized. Namely, when the basicity 
smaller than 0.7, CaO combines with Al2O3 and SiO2 to form CaAl2Si2O6 rather than form 
CaTiO3 with TiO2. It can be predicted that the activity of CaO in this titanium bearing BF slag 
decreases with decreasing of the basicity of the slag. When the CaO content increases and the 
basicity is more than 0.7, CaTiO3 is able to form. It can be concluded that it is beneficial to have 
higher basicity in order to form CaTiO3. It is almost similar with the experiment results at lower 
basicity due to the experiment were carried out under super cooling condition. Namely, when the 
cooling rate is much higher the mixed phases crystallizes, such as CaTiSiO5, CaMgSi2O6,
CaMg0.39Al0.87Ti0.48Si1.26O6, from the molten slag at low basicity rather than single phase rutile. 
With basicity of the slag increasing CaTiO3 gradually becomes the main phase crystallized from 
the molten slag when the basicity is higher than 0.7. ) 

Number 1 to 7 in vertical line in the phase diagram shown in Fig.1 indicates different TiO2

content from 0 to 30%, which were chosen for experimental study and the compositions are 
shown in Table 2. It can be observed that CaAl2Si2O8 firstly crystallizes when basicity in the slag 
keeps constant value of 1.0. Obviously, CaO reacts with SiO2 and Al2O3 to form CaAl2Si2O8
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easily instead of when TiO2 content (mass fraction) smaller than 0.4. It can be supposed that the 
activity of CaO in such slag become smaller with the increase of TiO2 content. Until CaO 
content decreased and TiO2 content more than 0.4, CaTiO3 (CaTiO3) stats to form. It can be 
interpreted as the higher TiO2 content is beneficial to the reaction of CaO with Al2O3 and SiO2
and higher TiO2 content is for the formation of CaTiO3. As the experiment were conducted under 
super cooling condition, the results of the phase diagram calculation is similar with the 
experiment results at lower TiO2 content. Namely, when the cooling rate is much higher the 
mixed phases crystallizes, such as CaMgSi2O6, Ca(Ti,Mg,Al)(Si,Al)2O7, from the molten slag at 
lower TiO2 content. With TiO2 increasing CaTiO3 gradually becomes the main phase crystallized 
from the molten slag when TiO2 content is higher than 0.4. 

Table .The chemical composition of slag with different basicity

Composition (wt.%)
C/SNo. CaO SiO2 MgO Al2O3 TiO2

1 18.3 36.7 8.0 14.0 23.0 0.5
2 20.6 34.4 8.0 14.0 23.0 0.6
3 22.6 32.4 8.0 14.0 23.0 0.7
4 24.4 30.6 8.0 14.0 23.0 0.8
5 26.0 29.0 8.0 14.0 23.0 0.9
6 27.5 27.5 8.0 14.0 23.0 1.0
7 28.8 26.2 8.0 14.0 23.0 1.1
8 30.0 25.0 8.0 14.0 23.0 1.2
9 31.0 24.0 8.0 14.0 23.0 1.3

Table . The chemical composition of slag with different amount of TiO2
Compositions (wt.%)

C/S
No. CaO SiO2 MgO Al2O3 TiO2
1 39.0 39.0 8.0 14.0 0 1.0
2 36.5 36.5 8.0 14.0 5.0 1.0
3 34.0 34.0 8.0 14.0 10.0 1.0
4 31.5 31.5 8.0 14.0 15.0 1.0
5 29.0 29.0 8.0 14.0 20.0 1.0
6 26.5 26.5 8.0 14.0 25.0 1.0
7 24.0 24.0 8.0 14.0 30.0 1.0

Results and dis on

Effect of titania content 

Fig.2 shows the isothermal crystallization process of the pentabasic titanium bearing BF slag 
with 10% TiO2 (number 3 in table II) by CLSM at 1100

oC. The initial crystalline phase is equal-
axis  crystal, and then the crystal grows and liquid phase decreases with increasing of the cooling 
time. The integrated crystallization and the crystal growth process have not been observed due to 
uncertainty of the initial crystallization location.  
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Fig. 2. The crystallization process of the slag with 10% TiO2.

Fig.3 shows the isothermal crystallization process of the pentabasic titanium bearing BF slag 
with 20% TiO2 at 1100oC. As shown in Fig.3(a), white spot crystals appear at the beginning of
the crystallization. When the isothermal crystallization time increases, white spot crystals grow 
up gradually and then become irregular snow spots, as shown from Fig.3(b) to Fig.3 (c). Then 
the dendritic crystals appear in Fig.3(d). The white rhombus crystal can be observed in Fig.3(d)
during precipitation, which may be the crystallization morphology of the faceted crystal sown in 
upper-right corner of Fig.2(b). According to the crystallization morphology of quarternary BF 
slag without titanium, it can be inferred that this crystal is melilite. From Fig.3(e) to Fig.3 (f),. it 
can be seen that the dendrite grows slowly and the dendrite size has not changed obviously, but 
the thickness of the dendrite increases. Two phenomena can be observed from the crystallization 
process, one is white spot crystal coalesces, which may be caused by spontaneous gathered and 
squeezed out by dendrite do not understand, the coalescence is rather natural, fig3 does not show 
the case when dendrite squeeze the liquid, it could be the case if those small crystal forms in 
between two large dendrites such that the liquid will shrink, but in that case segregation should be 
considered which will influence the driving force and thus the number of nuclei. The other seems 
a transition process, needle-shaped crystal is peeled off from dendrite constantly, finally, it 
attached to the white spot crystal. The needle-shaped crystal may be the small dendrite peeled off 
from dendrite during the dendrite growth, and white spot crystal may be grains just precipitate but 
not grow up. They are the same phase so that the transition  for small needle-shaped has 
happened. According to the aforementioned speculation, all these three crystals are CaTiO3. With 
the further increase of the cooling time, the faceted crystal begin to crystallization shown as 
Fig.4(e)
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Fig. 3. The crystallization process of the slag with 20%TiO2

Fig.4 shows the isothermal crystallization process of the pentabasic titanium bearing BF slag 
with 30% TiO2 by CLSM at 1100oC. White spot crystals emerges during the crystallization
process of the BF slag, which crystalline morphology is identical to the initial crystalline 
morphology of the isothermal crystallization process of the slag with 20% TiO2. When the 
crystallization process reached to a certain time, the slag coagulatedcompletely, shown in 
Fig.4.(c).  

Fig. 4.The crystallization process of the slag with 30%TiO2

Fig.5 shows the XRD results of the BF slag isothermally crystallized at the different TiO2

content including akermanite (Ca2MgSi2O7) and gehlenite(Ca2Al2SiO7), which are both belong 
to melilite. However, it is inconsistent with the calculation results by FactSage software. Based 
on the aforementioned investigation, the crystal which belongs to tetragonal system, looks like 
equal-axis plate, is identical to the morphology observed with CLSM, so the equal-axis crystal 
observed in the microscope should be melilite. 
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Fig. 5 XRD patterns of slag isothermally crystallized at different TiO2content 

Three phases have formed during the isothermal crystallization process of the pentabasic 

titanium bearing BF slag with 20% TiO2 at 1100 , among which two phases are both 
clinopyroxene, CaMgSi2O6and Ca(Ti,Mg,Al) (Si,Al)2O7 , and the third phase is CaTiO3.
According to the XRD results shown in Fig.5, CaTiO3 is the unique phase in isothermal 
crystallization process of the pentabasic titanium bearing BF slag with 30% TiO2 with 
isothermally solidified at 1100oC.

Effect of basicity 

Fig.6 shows the crystallization process from molten titanium bearing BF slag when the basicity 
is 0.6. When the temperature decreases to 1100  crystalls appear on the surface of the molten 
slag. The number of the crystalls increase with increasing of the holding time until the molten 
slag solidify totally. There is no well defined morphology of solid phaseduring the crystallization. 
The XRD results show that the crystallization phase is CaTi21O38, shown as Fig.7.  

Fig. 6 The crystallization process of slag with basicity of 0.6 
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Fig.7 The XRD pattern of slag sample with basicity of 0.6 after CLSM experiment. 

Fig.8 shows the crystallization process from molten titanium bearing BF slag when the basicity 
is 0.8. The crystallization process is more observable than that of the slag basicity is 0.6. When 
the temperature decreases to 1100, small crystals appear and the amount of the small white 
crystalls increases with increasing of the holding time. These small crystalls finally combine with
each other reforming the big crystalls. With the increase of the holding time another phase 
appears from the molten slag and their morphology are diamond. The diamond crystalls grow 
and the small white crystalls gather together. Finally, the small white crystalls disapear.  
The XRD results shows that the crystallization phases is complicated including 
CaMg0.39Al0.87Ti0.48Si1.26O6, CaTiSiO5,CaMgSi2O6, shown as Fig.9.CaTiSiO5 belongs to silicate, 
monoclinic system ; and its cross section is diamond. So the crystalls observed in situ probably 
are CaTiSiO5.

Fig.8 The crystallization process of slag with basicity of 0.8. 
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Fig.9 The XRD pattern of slag sample with basicity of 0.8 after CLSM experiment 

Fig.10 shows the crystallization process from molten titanium bearing BF slag when the 
basicity is 1.1. When the temperature of the molten slag decreases to 1325  and held at the 
target temperature. After 3 seconds some dendrites appear and the dendrites growmainly along 
certaindirection untill the impingement happens. The XRD results show that crystallization 
phase is perovskite, shown as Fig.11.  

Fig.10 The crystallization process of slag with basicity of 1.1 

Fig. 11 The XRD pattern of slag sample isothermally crystallized with basicity of 1.1. 
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Conclusions 

When the basicity of titanium bearing BF slag is lower than 0.5, CaO prefers to combine with 
SiO2 in the presence of Al2O3 and MgO, rather than with TiO2 in the slag. With the increase of 
basicity, CaO starts reacts with TiO2 and forms CaTiSiO5, CaMg0.39Al0.48Si1.26O6 and so on. 
Specially, CaTiO3 is the single phase crystallized from titanium bearing BF slag when the 
basicity reaches 1.1 due to its much higher crystallization temperature. When the  TiO2 content 
increases from 0 to 30%, the primary solidified phase of the BF slag transits from faceted 
melilite to dendritic CaTiO3 crystals. Melilite is the primary phase during crystallization process 
of the BF slag when the TiO2content ranges between 0 and 10%. On the other hand, CaTiO3 is 

the unique crystalline phase for a TiO2 content of 30%. Thus TiO2 content in BF slag has 
significant influence on the crystalline phase, crystal morphology and other solidification 
behaviors. 
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Abstract 

Bayer red mud is characterized as highly oxidizing (high Fe2O3 content) and highly 
alkaline (high Na2O content), which tends to act as a flux and strong dephosphorizer in 
the steelmaking process. In this study, firstly, the thermodynamical properties of Bayer 
red mud based flux were predicted including the melting temperature and phosphorus 
capacity. Further, laboratory experiments on application of Bayer red mud-based flux in 
hot metal dephosphorization. The effects of influencing factors such as flux composition 
and basicity were discussed. The results gave necessary basic knowledge for promoting 
the application of Bayer red mud in the steelmaking process.  

Introduction 

With the rapid development of alumina industries in China, a large amount of red 
mud has been produced. Due to the high Na2O content, red mud has been classified as a 
hazardous waste. The red mud from Bayer process is rich in Fe2O3, Al2O3, and Na2O, 
during which as high as 30%-53% of Fe2O3 concentrated and much larger content could 
be obtained after usual magnetic or gravity separation. Accordingly, Bayer red mud tends 
to be a kind of ideal iron resource of ferrous metallurgy. Several previous studies [1-3] 
have been carried out on extracting Fe element from red mud through direct reduction or 
indirectly using that as parts of raw materials in ironmaking such as sinter or blast 
furnace. However, due to the serious lining erosion and nodulation caused by strong 
vaporization of Na, the actual application of red mud in the above process is extremely 
limited.  

As can be seen, Bayer red mud can be characterized as highly oxidizing (high 
content of Fe2O3) and highly alkaline (high content of Na2O), which is exactly necessary 
in the steelmaking process. High content of Fe2O3 in Bayer red mud can work as a good 
slagging flux in addition to provide plentiful iron elements, and Na2O is a well-known 
strong dephosphorization/desulfurization agent. Obviously, the possible corrosion of 
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Na2O on the lining furnace of BOF is an important consideration. While, due to the 

special shape of converter: a larger ratio of diameter to height, the erosion caused by 

vaporization of Na2O tends to be much less compared with that happened in Blast 

Furnace, which has a much smaller ratio of diameter to height and gives a much longer 

way to reduce vaporizing-condensing-nodules of Na2O. However, besides Fe2O3 and 

Na2O, some Al2O3 and a small amount of TiO2 are also brought into slag when adding 

Bayer red mud in steelmaking process. While the research data about the comprehensive 

and interacting effects of Al2O3, Na2O, and TiO2 on properties of CaO-FeO-SiO2 based 

steelmaking slag available is extremely limited. Therefore, in this study, in order to 

promote the application of Bayer red mud in steelmaking process, the thermodynamic 

analysis of the effects of Al2O3, Na2O, TiO2, and their interactions on the properties of 

CaO-FeO-SiO2-based slag was performed. Further, the laboratory experiments on 

application of Bayer red mud-based flux in hot metal dephosphorization were carried out. 

1. Thermodynamics prediction on liquid areas of CaO-SiO2-FeO 

(-Al2O3-Na2O-TiO2) slag system 

The phase diagram module of FactSage software was used to simulate the liquid 

areas of CaO-SiO2-FeO (-Al2O3-Na2O-TiO2) slag system at different temperatures. The 

liquid areas between 1200 °C and 1600 °C in CaO-SiO2-FeO slag are shown in Fig. 1(a). 

This suggests that the melting point of the CaO-SiO2-FeO system decreases with 

increasing FeO content, shown by the arrows. This supports that the fluidity of the slag as 

well as the dissolution of lime is usually improved with increasing FeO content in slag.   

The composition of initial slag is mostly around point “B” in Figure 1(a). With the 

progress in steelmaking, the slag composition gradually moves to near point “C”. As 

shown, that is in the area with melting temperature higher than 1600 . CaF2 is often 

added to improve the fluidity of slag and thus obtain a good separation of steel from slag. 

However, utilization of CaF2 has been extremely limited due to its potential environment 

pollution, and alternative fluxes have to be pursued. The effects of Al2O3 and Na2O on the 

liquid areas of CaO-SiO2-FeO system at 1400 °C are shown in Fig. 1(b) and Fig. 1(c), 

respectively. Fig. 1(d) shows the effect of the mixture of Al2O3, Na2O, and TiO2 (denoted 

as “A” in the figure) with a mass ratio of Al2O3:Na2O:TiO2 = 1:0.25:0.15 (which is 

roughly estimated based on the typical composition of Bayer red mud in China after 

accounting for the possible evaporation loss of Na2O) on the 1400 °C liquid areas of the 

CaO-SiO2-FeO system. As shown, with the addition of Al2O3, Na2O, and A, the liquid 

areas of the CaO-SiO2-FeO system at 1400 °C is obviously enlarged. Upon adding 10% 

Al2O3 (Fig. 1(b)), 5% Na2O (Fig. 1(c)), and 10% A (Fig. 1(d)), the liquid areas below 

1400 C (over the range of %CaO/%SiO2 = 0.8–1.5) is nearly independent of the FeO 

content. This tends to indicate that it is possible to acquire good fluidity of slag with 

much lower FeO content, which is of great importance for decreasing iron loss. 

Furthermore, Fig. 1 shows that with increasing Al2O3 (Fig. 1(b)) or A content (Fig. 1(d)), 
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the 1400 °C liquid areas of the CaO-SiO2-FeO system obviously moves towards the 
lower left corner, in the direction of increasing basicity. This indicates that the presence 
of Al2O3 or A can greatly decrease the melting temperature of the CaO-SiO2-FeO slag 
with higher %CaO/%SiO2 value, or it can promote the dissolution of lime in the slag. As 
known, the removal of phosphorus from steel to slag is an important operation in 
steelmaking, which thermodynamically needs a slag with higher basicity but kinetically 
needs a slag with lower melting temperature (good fluidity). This means that the addition 
of Al2O3 as well as Bayer red mud benefits the dephosporization performance, and it can 
be expected to effectively prohibit rephosphorization because of the excellent slag 
situation (higher basicity and good fluidity). Diao’s experiments suggested that 
dephosphorization ratio increased with the addition of some amount of Al2O3 and Na2O 
into CaO-FeO-SiO2 slag, and their kinetic models showed that both Al2O3 and Na2O 
obviously promoted the growth of overall mass transfer coefficient [4]. It agrees 
reasonably well with this research data. 

 

 

Fig.1. Phase diagram and liquid areas of the CaO-SiO2-FeO.slag system: (a) phase 
diagram of CaO-SiO2-FeO, (b) effect of Al2O3 on liquid areas at 1400 °C , (c) effect of 

Na2O on the 1400 °C liquid areas, (d) effect of A on the 1400 °C liquid areas. 

2. Experiments on hot metal dephosphorization by using Bayer red mud based flux 
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2.1 Materials 

The high-iron red mud used in this study was sampled from Shandong Weiqiao 

aluminum plant, and its chemical composition determined by XRF is shown in Table 1. 

Table1. Main compositions of Bayer red mud, wt% 

Compositions Fe2O3 Al2O3 SiO2 Na2O TiO2 CaO Others 

% 59.09 16.18 10.59 7.59 4.13 0.67 1.75 

Some of the experiments were performed in a silicon molybdenum furnace. In this 

case the main materials used were chemically pure reagents. Saturated molten iron 

samples with saturated carbon and different P/Si contents were prepared by using reduced 

iron (AR, Fe99%), graphite powder (CP, C 99.95%), ferrophosphorus (P=27.50%) 

and ferrosilicon (Si=98.95%). The dephosphorizer in experiments was mainly made up of 

Bayer red mud and CaO. Another two runs of experiments were carried out in an 

induction furnace, during which the industrial pig iron was chosen as main iron material, 

whose components are listed in Table 2. 

Table2. Compositions of industrial pig iron, wt% 

C Si Mn Al P S Ca Cr 

4.4 0.12 0.27 0.07 0.03 0.03 0.02 0.02 

2.2 Apparatus and experimental procedure 

The structure diagram of silicon molybdenum furnace used for dephosphorization 

experiments of hot metal pretreatment was shown in Figure 2. Raw materials were firstly 

thoroughly mixed in a mortar according to the requirements of the initial iron sample 

(C=4.5%, P=0.12%, Si=0~0.5%). 250 g of the iron sample was placed in an alumina or 

magnesia crucible (Φ50×140) and the amount of dephosphorization reagent (mixture of 

Bayer red mud and CaO) was set as 50 g or 25 g. The experiment was started when the 

iron sample melted completely. The initial iron sample was taken in a Φ6 mm tube and 

the dephosphorizer was added into the sample crucible in three batches. The iron and slag 

samples were taken out in the end of the experiment and were analyzed after crushing. 

Another two runs of experiments were performed in a 10 kg induction furnace. The 

amount of pig iron was about 5 kg each time, and the mass ratio of dephosphorizer (mixture of 

Bayer red mud and CaO) to iron was about 10%. Firstly, the pig iron was pre-melted in the 

crucible, after pig iron melted completely the initial iron sample was taken out from the 

crucible with a Φ6mm tube. All of the slag was added into the crucible. 25 min later, the 

iron and slag samples were taken out and analyzed after crushing. 

Table 3 shows the specific experimental arrangements. It should be noted that the 

dephosphorizers of No.1 and No.2 were prepared by using pure oxides while the other 

ones consisted of Bayer red mud and CaO. The experiments of Nos.1-8 were conducted 
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in a silicon molybdenum furnace, and those of Nos.9-10 were performed in an induction 
furnace. 

 

 
Fig. 2 The diagram of silicon molybdenum furnace 

 
Table 3 The experimental scheme of dephosphorization 

Experiments Group 
Red mud: 

CaO(:Fe2O3) 
[%P]0 [%Si]0 

Slag 

 ratio 

Temperature 

/ ˚C 
[%P]f  

Hot metal 

pretreatment 

1 2:1 0.12 0 0.2 1350 0.075 37.5% 

2 1:1 0.12 0.5 0.2 1400 0.099 17.5% 

3 2:1 0.12 0 0.1/0.2 1350 
0.043 

/0.022 

64.0% 

/81.93% 

4 1:1 0.12 0.5 0.2 1400 0.098 18.33% 

5 2:1 0.12 0.2 0.1/0.2 1350 
0.060 

/0.028 

49.0% 

/76.5% 

6 2:1 0.12 0.5 0.1/0.2 1350 
0.109 

/0.074 

8.71% 

/38.06% 

7 1:1 0.12 0 0.2 1350 0.018 85.0% 

8 4:1 0.12 0 0.2 1350 0.070 41.2% 

9 1:1:0.7 0.099 0.12 0.2 1350 0.011 90.8% 

10 2:1 0.11 0.088 0.1 1350 0.070 36.4% 

2.3 Analysis method 

The contents of C, Si and P elements were obtained by chemical analysis method. 
The slag compositions of the samples were obtained by XRF analysis method. The 
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dephosphorization efficiency was mainly described by the dephosphorization rate, which 
can be calculated by Eq. (1). 

                                                     (1) 

Here,  is the percentage of initial phosphorus;  is the percentage of 
final phosphorus in steel;  is the dephosphorization rate. 

2.4 Results and discussion 

2.4.1 Separating conditions of slag and metal phase 
A complete separation between slag and metal phase is necessary for promoting the 

dephosphorization reaction. In the dephosphorization process, CaO-FeO-SiO2 is 
generally the basic slag system. In order to investigate the fluxing action of Bayer red 
mud, the following comparative experiments were carried out. Based on the same mass 
ratio of CaO:SiO2:Fe2O3, one type of dephosphorizer was prepared using pure oxides of 
CaO, SiO2, and Fe2O3 (No. 1 and 
No. 2 in Table 3); and the other ones 
consisted of Bayer red mud and 
CaO (No. 3 and No. 4 in Table 3). 
After experiments, the separating 
conditions of iron and slag under 
different situations were shown as 
the follows. Fig. 3(a) and (c) 
showed those of using Bayer red 
mud-based dephosphorizer 
(corresponding to No. 4 and No. 3 
in Table 3, respectively), and 
Fig.3(b) and (d) showed the 
separating conditions of iron and 
slag when using pure compounds 
(corresponding to No. 2 and No. 1 
in Table 3, respectively). Obviously, a much better separation between the slag and the 
iron phases was obtained when Bayer red mud-based fluxes were used (Fig. 3(a) and (c)). 
In the cases where pure oxides were used, a clear interface between the slag and the iron 
phases could not be obtained, suggesting that because of its low fluidity, the 
CaO-FeO-SiO2 based slag cannot be completely separated from the iron phase. These 
observations clearly show that the presence of components such as Al2O3 and Na2O in 
Bayer red mud can act as a kind of flux to decrease the melting point of the 
CaO-FeO-SiO2 based slag.  

2.4.2 Effect of components in dephosphorizer and initial silicon content of hot metal on 
dephosphorization ratio 

 

Fig. 3 Separating conditions between slag and metal 

phase ((a)(c) red mud based dephosphorizer were 

utilized, (b)(d)pure oxide were utilized). 
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The effect of composition of Bayer red mud based dephosphorizer and the initial 

silicon content in hot metal on the dephosphorization rate was shown in Fig. 4. 

 
Fig. 4 The influence of different ratio of Red mud:CaO, slag ratio and initial silicon 

contenton dephosphorization rate. 

As shown in Fig. 4(a), the dephosphorization ratio decreased with increasing the 
mass ratio of red mud to CaO at 1350°C. When the mass ratio of red mudto CaO was 
changed from 1:1 to 2:1, the dephosphorization ratio changed a little, but remained > 80% 
and the final [P] was less than 0.018%. However, it decreased sharply to be less than 40% 
for red mud:CaO = 4:1. This is because the addition of excessive amounts of red mud 
reduced the basicity of the slag and weakened the phosphorus capacity of the 
dephosphorizer. As shown in Fig. 4(b), the initial [Si] in the hot metal also had a big 
influence on the dephosphorization rate. The higher the initial [Si], the lower was the 
dephosphorization rate; but for initial [Si] values less than 0.2%, this parameter had little 
effect on the dephosphorization rate especially when slag ratio was high (20%). This 
result demonstrates that the Bayer red mud-based flux can remove phosphorus and silica 
simultaneously if the initial [Si] is less than 0.2%. The dephosphorization ratio decreased 
sharply when the initial [Si] was as high as 0.5% and under these conditions, 
dephosphorization cannot effectively be carried out. 

2.4.3 Effect of final slag basicity on dephosphorization ratio 
Fig. 5(a) and 5(b) show the relation of the dephosphorization rate to the binary 

basicity and the optical basicity of the final slag, respectively. As can be seen, the 
dephosphorization rate increased with increasing basicity. Especially, when the binary 
basicity was as high as 12, the dephosphorization rate was 91% and the final [P] was  
0.011% (see Table 3). In addition, good slag fluidity and an excellent separation between 
the slag and iron phase was observed even under strong alkaline conditions. This fact 
further proved that Al2O3 and Na2O in the Bayer red mud can act as flux materials to 
decrease the melting point of CaO-FeO-SiO2 slag system. And there was a more clearly 
linear relationship between dephosphorization rate and optical basicity (Fig. 5(b)), which 
illustrated that it is more accurate to use the optical basicity to describe the alkaline 
nature of the multiple dephosphorizer slag system used in this study. 
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Fig. 5 The influence of (a) (%CaO/%SiO2), and (b) optical basicity on dephosphorization 

3. Conclusions 

1. The liquid areas of CaO-SiO2-FeO system are obviously enlarged with the 

addition of Al2O3, Na2O, and mixture A; In the cases of adding 10% Al2O3, or 5% Na2O, 

or 10% A, the liquid areas below 1400 are nearly independent of FeO content.   

2. During the hot metal dephosphorization experiments, a much better slag-iron 

separating result was observed in the case of that Bayer red mud was used. That 

suggested that Al2O3 and Na2O in Bayer red mud can improve the fluidity of 

CaO-FeO-SiO2 based slag.  

3. In this study, when the mass ratio of Bayer red mud : CaO was between 1:1 to 2:1, 

a good dephosphorization effect was obtained, whose dephosphorization ratio can be 

reach more than 80%, and the final [P] was lower than 0.018%.   
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Abstract 

 
The reduction behavior of raw materials from Assmang and Comilog based charges were 

experimentally investigated with CO gas up to 1600 °C. Quartz, HC FeMn slag or limestone 
were added to Assmang or Comilog according to the SiMn production charge, and mass loss 
results were obtained by using a TGA furnace. The results showed that particle size, type of 
manganese ore and mixture have close relationship to the reduction behavior of raw materials 
during MnO and SiO2 reduction. The influence of particle size to mass loss was apparent when 
Assmang or Comilog was mixed with only coke (FeMn) while it became insignificant when 
quartz and HC FeMn slag (SiMn) were added. This implied that quartz and HC FeMn slag had 
favored the incipient slag formation regardless of particle size. This explained the similar mass 
loss tendencies of SiMn charge samples between 1200-1500 °C, contrary to FeMn charge 
samples where different particle sizes showed significant difference in mass loss. Also, while 
FeMn charge samples showed progressive mass loss, SiMn charge samples showed diminutive 
mass loss until 1500 °C. However, rapid mass losses were observed with SiMn charge samples 
in this study above 1500 °C, and they have occurred at different temperatures. This implied rapid 
reduction of MnO and SiO2 and the type of ore and addition of HC FeMn slag have significant 
influence determining these temperatures. The temperatures observed for the rapid mass loss 
were approximately 1503 °C (Quartz and HC FeMn slag addition in Assmang), 1543 °C (Quartz 
addition in Assmang) and 1580-1587 °C (Quartz and limestone addition in Comilog), 
respectively. These temperatures also showed indications of possible SiMn production at process 
temperatures lower than 1550 °C. 
 

Introduction 
 

Manganese ferroalloys, such as ferromanganese (FeMn) and silicomanganese (SiMn), are 
commonly consumed in steel industries as additives to achieve various grades of steels with high 
quality [1, 4]. As an alloying unit, the addition of FeMn or SiMn will influence the strength, 
toughness and hardness of steel products. They also serve as excellent desulfurizers and 
deoxidizers to prevent brittle and porous steel products [1-11]. 

The more use of SiMn as additives in steel industries is expected to advance at a faster rate 
than FeMn consumption [1, 2, 12]. As deoxidizers, SiMn is more effective than FeMn. 
Deoxidation of steel with SiMn have given cleaner results than individual addition of ferrosilicon 
(FeSi) and FeMn [2]. Also, the use of SiMn is more advantageous because it contains less 
carbon, phosphorus, sulphur, aluminium and nitrogen compared to a mixture of FeMn and FeSi 
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[2]. These features of SiMn addition in steel industries makes the production of high quality 
SiMn an important task. However, the choice of using FeMn or SiMn in the end will always be a 
question of cost, and thus dependent on the global market.  

Considering the process reactions for SiMn, a temperature of 1600-1650 °C is necessary to 
obtain SiMn with sufficiently high content of silicon and discard slag with low MnO. At this 
temperature, the final reduction of MnO and SiO2 can take place as shown in the following 
reactions: 

 
MnO (l) + C = Mn (l) + CO (g)                                                  (1) 
SiO2 (l) + 2C = Si (l) + 2CO (g)                                                  (2) 

 
Also, the reduction of MnO and SiO2 are considered to occur simultaneously in the SiMn 
process. Thus, the slag/metal exchange reaction of Mn and Si, which is the combination of 
reactions 1 and 2, has to be taken into account: 
 

SiO2 (l) + 2Mn (l) = Si (1) + 2MnO (l)                                            (3) 
 

Current studies showing excavation of industrial and pilot scale furnaces provide information 
that reduction of MnO and SiO2 occurs mainly at the top part of the coke bed [13, 14]. This 
implies that most of the raw materials are priory melted into a slag phase, and the reduction of 
MnO and SiO2 occurs on the top part of the coke bed where the slag is in contact with carbon 
reductants. Thus, different charge materials are likely to exhibit different reduction behavior 
during the process because of their different melting properties such as temperature. Various 
types of manganese ores and high-carbon ferromanganese (HC FeMn) slag have been previously 
reported to have different “melting temperatures” [14,  15]. The “melting temperature” was 
considered as the temperature when the ore starts to form liquid slag and behaves as a liquid. 
Assmang, Gabonese, CVRD ore, CVRD sinter and HC FeMn slag were measured by a sessile 
drop furnace experiment, which gave the “melting temperatures” of approximately 1446, 1485, 
1461, 1395 and 1220 °C, respectively. These different temperatures are assumed to give 
significant influence during the SiMn process. 

While the process mechanism of FeMn have been extensively studied during the last 20 years, 
less effort was use to ascertain the process mechanism of SiMn. Although the process reactions 
of SiMn has previously been studied [2, 16], only few studies considering the reduction behavior 
between raw materials have been reported. Therefore, the present study focuses on an 
experimental investigation of the reduction behavior of raw materials in the SiMn process. In this 
case, two different manganese ores, Assmang and Comilog, were used to compare the reduction 
behavior during the SiMn process. Quartz, HC FeMn slag or limestone were added into Assmang 
or Comilog according to a SiMn charge, and the reduction behavior of each different charge 
sample was observed. 

 
Experimental 

 
The objective of this study was to conduct an experimental investigation to ascertain the 

reduction behavior of raw materials in the SiMn process. The characterization and preparation of 
raw materials, the TGA furnace and the experimental conditions are described in the next 
subsections. 
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A. Raw Materials and TGA Furnace 
 

Assmang and Comilog ores were used as the main manganese source in this experiment. The 
chemical compositions of Assmang, Comilog, coke, quartz, HC FeMn slag and limestone used in 
this experiment are shown in Table I. 

 
Table 1. Chemical Composition of Raw Materials for SiMn Process [dry mass %]  

Raw 
Materials MnO MnO2 SiO2 Fe2O3 CaO MgO Al2O3 CO2 C Total 

Assmang 32.69 33.22 5.77 15.06 6.26 1.10 0.26 3.52 0.27 98.15 

Comilog 3.91 69.40 6.50 6.47 0.29 0.13 6.90 0.10 - 93.70 

Coke 0.04 - 5.60 0.86 0.42 0.22 2.79 - 87.68 97.61 

Quartz 0.14 - 93.85 - 0.09 0.05 1.19 - - 95.32 
HC FeMn 

Slag 35.23 - 25.45 - 18.45 7.53 12.30 - 0.40 99.36 

Limestone - - 0.96 - 51.98 0.96 0.26 45.72 - 99.88 

 
Considering the amount of oxides (CaO, MgO and Al2O3) for the two types of ore, Assmang 

contained a relatively high amount of CaO (6.34 mass %) and was considered as a basic ore. On 
the other hand, Comilog contained a relatively high amount of Al2O3 (6.70 mass %) and was 
considered as an acidic ore. Basic ores are known to have a relatively high melting temperature 
compared to acidic ores, which are considered to have a lower melting temperature [13-15]. 
Polish coke was used as the carbon reductant. Each of the raw material was prepared in two 
different size groups, 0.6-1.6 and 4.0-6.3 mm, to observe the influence of particle size during the 
reduction process.  

The schematic of the TGA furnace is shown in Figure 1. The furnace can endure temperatures 
up to 1700 °C and the maximum heating rate is up to 25 °C/min. A mass balance is installed at 
the top and a Molybdenum (Mo)-wire was used to suspend the crucible inside the furnace. 
Graphite crucibles (36 mm outer diameter, 30 mm inner diameter, 70 mm height and 61 mm 
deep) were used to contain each charge sample in this experiment. 

 

 
Figure 1. Experimental setup: schematic of thermo-weight furnace. 
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B. Procedure 
 
Profiles for each charge sample were prepared according to Table II. Raw materials for each 

charge were measured and mixed into a graphite crucible. Then the graphite crucible was 
suspended by hooking it to the Mo-wire inside the furnace chamber. 

 
Table II. Profile for Each Charge Sample [g] 

Charge No. Size [mm] Assmang Comilog Coke Quartz HC FeMn Slag Limestone Total 
As. 1A 0.6-1.6 

23 - 7 - - - 30 As. 1B 4.0-6.3 
As. 2A 0.6-1.6 

23 - 7 10 - - 40 As. 2B 4.0-6.3 
As. 3A 0.6-1.6 

13 - 7 7 13 - 40 As. 3B 4.0-6.3 
Com. 1A 0.6-1.6 

- 23 7 - - - 30 Com. 1B 4.0-6.3 
Com. 2A 0.6-1.6 

- 23 7 6 - - 36 Com. 2B 4.0-6.3 
Com. 3A 0.6-1.6 

- 18 6 7 - 5 36 Com. 3B 4.0-6.3 

 
The furnace was then sealed and the chamber was initially cleaned with pure Ar gas (99.9999 

%). Next, heat was applied to the furnace according to temperature profile in Figure 2. 
 

 
Figure 2. Temperature profile. 

 
Initially, the furnace was heated up to 1200 °C (+ 25 °C/min): 0.5 l/min of Ar gas was 

supplied until the crucible temperature was approximately 500 °C and the Ar gas was converted 
to 0.5 l/min of CO gas above 500 °C. Each charge sample was held for 30 minutes at 1200 °C 
and it was assumed complete pre-reduction during this step [2, 13]. Then, further heating was 
done until 1600 °C (+ 4.5 °C/min). Finally, each charge sample was held for 5 minutes at 1600 
°C and cooled down to room temperature. During the cooling, CO gas was supplied until the 
crucible temperature dropped down to approximately 500 °C and was converted to Ar gas until 
complete cooling. The weight loss (% mass loss) of each charge sample was recorded and data 
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were logged every 5 seconds during the experiment. Lastly, each charge sample was prepared by 
mounting in epoxy to be further analyzed. The JEOL JXA-8500, an EPMA (Electron Probe 
Micro-Analysis) type, was used to analyze slag compositions. 

 
Results and Discussion 

 
The results from the TGA furnace and EPMA analysis are presented in this section. Mass loss 

with time of each charge sample is described between 1200 and 1600 °C. The comparison of all 
charge samples is shown to see the difference of reduction behavior regarding particles size, type 
of manganese ore and mixture. Also, the comparison of the primary slag (calculated) and final 
slag (measured) of each charge samples is discussed. 

The mass loss and reduction behavior of each charge sample during the reduction of MnO and 
SiO2 at different temperatures between 1200 to 1600 °C is described in Figure 3. The results 
showed that the reduction behavior during the MnO and SiO2 reduction are differed using 
different particle size, type of manganese ore and mixture. 

 

 

Figure 3. MnO and SiO2 reduction results of FeMn charge samples (top) and  
                        SiMn charge samples (bottom) described in percent mass loss with time. 

1289



The influence of particle sizes showed different results for FeMn and SiMn charge samples. 
The mass loss difference between particle sizes was mainly observed with Assmang or Comilog 
mixed with only coke (As.1 and Com.1) which were representatives of FeMn charge samples. 
FeMn charge samples with particle sizes between 0.6-1.6 mm showed more mass loss than with 
particles sizes between 4.0-6.3 mm. However, when Assmang or Comilog was mixed with 
quartz and HC FeMn slag, which were representatives of SiMn charge samples, the mass loss 
difference between two different size groups were insignificant compared to FeMn charge 
samples during the reduction. This comparison between FeMn and SiMn charge samples shows 
indication that particle size might not be an evaluating variable during the reduction of MnO and 
SiO2 for SiMn process. If manganese ore and quartz particles are completely dissolved into a 
slag phase shortly after pre-reduction, particle size will no longer be a variable influencing the 
mass loss and further the reduction of MnO and SiO2. While solid MnO is present until the 
liquidus temperature in the FeMn process [2, 17], considerable amount of molten slag phase 
seems to generate during the early stages in SiMn charges.  

The type of manganese ore and mixture also showed different reduction behavior during the 
experiment condition. For SiMn charge samples, the percent mass losses from 1200 to 1500 °C 
were relatively low, which were between 0 to 5 %, and similar regardless of particle size, type of 
manganese ore and mixture. The similar mass losses can be explained by the dominating 
incipient slag phase, which is generated at early process temperature for SiMn charges. Besides 
coke, all particles are melted into a slag phase. However, the low mass loss of SiMn charges until 
elevated temperatures (before rapid mass loss) indicates insignificant reduction of MnO and 
SiO2. The slag composition for primary (calculated) and after 1600 °C, (measured) is shown in 
Table III, and the comparison of aMnO shows why the MnO reduction is not occurring until a 
higher temperature is reached. Note that all iron oxides are assumed to be completely reduced 
during pre-reduction and the main slag components are MnO, SiO2, CaO, MgO and Al2O3 in all 
charge samples.  

 
Table III. Comparison of Primary and Final Slag Composition [mass %],  
                and calculated activities of MnO and SiO2 by using FACTsage 

Charge No. Primary Slag Composition (Calculated): 1200 °C 
MnO SiO2 CaO MgO Al2O3 Total aMnO aSiO2 

As. 1 81.70 7.88 8.55 1.50 0.36 99.99 0.810 0.002 
As. 2 51.40 41.55 5.41 0.96 0.69 100.01 0.095 0.448 
As. 3 42.17 37.30 10.90 3.80 5.81 99.98 0.128 0.168 

Com. 1 81.45 8.72 0.39 0.18 9.27 100.01 0.655 0.004 
Com. 2 61.33 30.92 0.31 0.15 7.29 100.00 0.215 0.152 
Com. 3 48.52 34.11 11.1 0.32 5.94 99.99 0.166 0.140 

Charge No. Final Slag Composition (Measured by EPMA): 1600 °C 
MnO SiO2 CaO MgO Al2O3 Total aMnO aSiO2 

As. 1A 16.27 40.55 35.79 5.93 1.46 100.00 0.103 0.080 
As. 1B 20.77 40.47 33.71 3.69 1.36 100.00 0.112 0.093 
As. 2A - Not observed - 
As. 2B 3.91 57.15 30.53 4.51 3.89 99.99 0.002 0.646 
As. 3A 9.59 49.35 23.67 5.49 11.89 99.99 0.011 0.344 
As. 3B 6.80 48.83 25.95 6.29 12.13 100.00 0.009 0.300 

Com. 1A - Not available - 
Com. 1B 11.22 10.36 3.68 0.20 64.75 95.18 0.049 0.006 
Com. 2A - Not available - 
Com. 2B 12.30 43.20 2.60 0.01 33.00 95.30 0.008 0.412 
Com. 3A - Not available - 
Com. 3B 3.80 40.30 38.00 0.40 13.8 96.40 0.014 0.127 
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The change of aMnO from 1200 to 1600 °C for FeMn and SiMn charges shows good 
accordance with the mass losses between 1200 to 1500 °C. The difference of aMnO of FeMn 
charges, As.1 and Com.1, from 1200 and 1600 °C is relatively significant compared to SiMn 
charges. This indicates the entity of the driving force for MnO reduction is in existence, and the 
progressive mass loss of As.1 and Com.1 shows good accordance. The low activity of MnO in 
SiMn charges also explain the insignificant reduction of MnO at lower temperatures. 

The rapid mass losses, which were also observed with SiMn charges above 1500 °C, showed 
close relationship with the type of manganese ore and mixture. The starting temperature of the 
rapid mass loss of As.2 and As.3 was approximately 1543 and 1503 °C, and had aMnO of 0.095 
and 0.128, respectively. As.3 will thus have a higher driving force which explains the lower 
reduction temperature. The similar rapid mass loss was also observed with Comilog but only 
with Com.3 and at higher temperature of 1580-1587 °C. Com.2 and Com.3 has aMnO of 0.215 and 
0.116. Hence, the difference in reduction temperature cannot be explained by the driving force, 
as Com.2 has a higher driving force. The palpable reduction behavior SiMn charges is that rapid 
reduction of MnO and SiO2 occurs at lower temperature with Assmang than Comilog. The 
amount of iron oxides in the ore can give some implication considering the different reduction 
behavior in SiMn charges. As Assmang has a higher iron content than Comilog, the amount of 
initial iron after pre-reduction can impact the reduction of MnO. Previous studies have shown 
that the formation of initial iron leads to MnO reduction by the dissolved carbon in the metal 
[18]. The activity of Mn is lower when iron is at the slag/carbon interface, thus increasing the 
driving force for MnO reduction.  

However, the information for the reduction path of MnO and SiO2 is insufficient and further 
studies are necessary.  

 
Conclusion 

 
The reduction behavior showed close relationship with raw materials regarding particle size, 

type of manganese ore and mixture. The results showed that the relationship between particle 
size and mass loss becomes insignificant when quartz and HC FeMn slag are added into 
Assmang or Comilog ore. It was thought that considerable amount of incipient slag phase have 
generated during the early stages of MnO and SiO2 reduction, which likely diminished the 
influence of particle size in case of SiMn charges. The mixture type also showed that the 
reduction behavior becomes similar regardless of ore type when quartz and HC FeMn slag were 
added into Assmang or Comilog ore during the reduction of MnO and SiO2. Similar mass losses, 
which were all relatively very low, were observed with charges samples of As.2, 3 and Com.2, 3 
in this study. The already very low aMnO of SiMn charges at 1200 °C shows good accordance of 
the lower mass losses until rapid reduction. However, the temperatures when the rapid mass loss, 
which indicates rapid reduction of MnO and SiO2, begins differed with type of manganese ore 
and mixture. Comilog seems to have higher rapid reduction temperature than Assmang, and HC 
FeMn slag and limestone contributes towards lower temperature. However, the reduction path of 
MnO and SiO2 needs further investigation. The temperature difference of the rapid reduction was 
approximately 80 °C when comparing As.3 (1503 °C) and Com.3 (1580-1587 °C). This 
difference shows indication of possible SiMn production at process temperatures lower than 
1550 °C. 
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Abstract 

WC-Co nanoparticles were directly recycled via sodiothermic reduction in NaCl-52mol%CaCl2 
molten salts using oxidized hard metal scrap as the raw materials. The as-prepared samples were 
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). It was found that a 
series of cemented carbide, such as W, W-Co, WC and WC-Co nanoparticles, were successfully 
recycled using the molten salt systems. The results show that WC/WC-Co nanoparticles can be recycled 
form oxidized hard metal scrap via sodiothermic reduction in the NaCl-52mol%CaCl2 molten salts. 

Keywords  Sodiothermic reduction; WC-Co nanoparticles; Regeneration; Hard metal scrap;  

1 Introduction 
Tungsten carbide is drawn much attention as one of anti-wear materials for various cutting tools 

application. Due to its high hardness and good wear resistance, it is widely used in the production of 
cemented carbides and made of cutting tools and parts [1]. WC-Co hard metals consist of hard phase 
tungsten carbide dispersed in ductile metal cobalt and which are processed usually via liquid-phase 
sintering [2, 3]. In early studies, it was found that the hardness and toughness of the manufactured parts 
increase as the particles size of tungsten carbide phase decreases was enough [4, 5]. And it is an issue of 
crucial importance to obtain the homogeneous microstructure and high densification of the production, 
which ensures the material with higher mechanical properties and a longer tool life [6, 7]. Thus, some 
recent researches have shown that the ultrafine carbide particles size (<1 μm) was used for increasing the 
toughness and hardness of WC-Co alloy [8, 9]. 

Recently, tungsten powders, a nano-metallic material for preparing of synthetic WC powder, its 
application was limited by increasingly serious lacking of tungsten resource and increasing gradually 
carbide materials demanded with the high development of society. Thus, the large amount piled up 
abolished cemented carbide scrapes are considered as the secondary tungsten resource, and some 
methods for tungsten and cobalt were put forward to recycle, such as niter-casting process[10], zinc melt 
and cold stream process[11], leaching method [12], aqueous-electrolysis process [13], oxidation-
reduction process [14] and so on [15-18]. The present process for reprocessing cemented carbide 
requires a set of complicated equipment, has high production cost and time consuming, such as niter-
casting process [10] and leaching method [12]. 

In our previous works, a new direct synthesized process for Nb-Al intermetallic nanoparticles was 
developed [19]. In this process, Nb-Al intermetallic nanoparticles were synthesized via the sodiothermic 
reduction process in molten salts, with oxide or chloride mixtures as raw materials [20-23]. So that, the 
purpose of this work is to present the simple, economic and direct recycling tungsten carbide powders 
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utilizing a sodiothermic reduction from oxidation of hard metal scrap dispersed into molten salts. In the 
paper W, W-Co, WC and WC-Co nanoparticles were directly recycled in NaCl-52mol%CaCl2 molten 
salts by sodiothermic reduction method with oxidized hard metal scrap as the raw materials, and the as-
prepared powders were examined by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 

2 Experimental 
The raw materials used in this paper were the WC or WC-Co scrap powders and pure sodium 

carbonate (Na2CO3, purity > 99.39%). The reductant was pure sodium metal (Na, purity > 98.50%). The 
low eutectic point of molten salt system such as the NaCl-52mol%CaCl2 molten salts was chosen [19-
23]. 

In order to prepare the homogeneous reactions system, the WC or WC-Co scrap powders must be 
oxidized forming tungsten trioxide (WO3) or tungsten cobalt oxide powders, which were used as raw 
material for preparation of hard alloys nanoparticles by sodiothermic reduction process in the molten 
salts. The oxidized hard metal scrap was obtained by oxidation of WC or WC-Co scrap powders in the 
air at 600 oC for three hours. 

These raw oxidized materials with NaCl-52mol%CaCl2 salts were mixed and then put into a 
corundum crucible. The reactor was dehydrated at 300 oC for 8 h in the resistance furnace under argon 
atmosphere, and the resistance furnace would continue to heat up to 750 oC for chemical reaction. To 
synthesize hard metal powders, sodium was incised to pellets and stored in an air tight test tube. Sodium 
particles were subsequently carried into the salt bath by argon gas to reduce tungsten trioxide or tungsten 
cobalt oxide and sodium carbonate. After sufficient time for reaction, the reactor was cooled down to 
ambient temperature. The product powders were obtained by washing, filtering and drying. X-ray 
diffraction (XRD) and scanning electron microscopy were used to determine the product phases, shape 
and particle sizes. 

3 Results and discussion 
3.1 Oxidation of hard metal scrap powder 

The XRD patterns of the reactants and as-prepared products via the redox reaction of WC or WC-
Co scrap powders at 600 oC for three hours are presented in Fig.1 or Fig.2, respectively. As shown in 
Fig. 1(a), the WC scrap powders as raw material can be indexed to well crystallized WC structure (PDF 
NO. 73-471). The pure WO3 (PDF NO. 72-1465) powders were obtained by oxidizing WC scrap 
powders in the air, as shown in Fig. 1(b). Also, Fig. 2(a) and Fig. 2(b) show the phase composition of 
the reactants and products before and after the oxidizing WC-Co scrap powders in the air, respectively. 
It was found that the main phase in the reactants is WC (PDF NO. 73-471), and some other phase is Co 
(PDF NO. 5-727), as shown in Fig. 1(a). Fig. 2(b) shows the XRD pattern of the as-prepared products 
after oxidizing WC-Co scrap powders, certainly, the WO3 (PDF NO. 72-1465) powders with CoWO4 
(PDF NO. 15-867) are observed in the products indicating that WC-Co scrap could be oxidized in the 
process. 
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Fig. 1.  XRD patterns of the WC scrap powders (a) and the oxidized products of WC scrap powders (b) 

According to the experimental results in the air, the chemical reactions between WC/WC-Co scrap 
with O2 were occurred. By the enthalpy (H), entropy (S) and heat capacity (C) chemistry (referred to as 
HSC) thermodynamics calculation, the redox reaction WC/WC-Co scrap may occur according to the 
following Reactions (1) and (2) in the air. 

WC + 2.5O2 (g) = WO3 + CO2 (g)                    ΔG 600 
o
C = -976.413 kJ mol−1                               (1) 

WC + Co + 3O2 (g) = CoWO4 + CO2 (g)          ΔG 600 
o
C =-1159.105 kJ mol−1                              (2) 

 
Fig. 2.   XRD patterns of the WC-Co scrap powders (a) and the oxidized products of WC-Co scrap 

powders (b) 

Therefore, for the oxidized reaction of WC scrap powders at 600 oC, there can only be one chemical 
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reaction with O2 took place according to Reactions (1) in the air. For the oxidized reaction of WC-Co 
scrap powders, there are two chemical reactions occurred according to the following Reactions (1) and 
(2) in the air at 600 oC. The CoWO4 would be come into being only when the Co phase is present in the 
hard metal scrap.  

3.2 Preparation of W or W-Co powder 
The XRD patterns and FESEM images of the as-prepared products by sodiothermic reduction of 

WO3 or CoWO4-WO3 in NaCl-52mol%CaCl2 molten salts at 750 oC are presented in Fig. 3. As shown in 
Fig. 3(a), the pure W (PDF NO. 89-3012) powders were obtained via sodiothermic reduction of 
oxidation of WC scrap powders at 750 oC in the NC molten salts. Also, the as-prepared products using 
the oxidized WC-Co scrap powders as raw material can be indexed to well crystallized W (PDF NO. 89-
3012) and Co (PDF NO. 5-727) structure, as shown in Fig. 3(b). That is, the W-Co alloy powders were 
obtained by sodiothermic reduction of oxidation of WC-Co scrap powders at 750 oC in the NC molten 
salts, as shown in Fig. 3(c). Moreover, it can be observed from Fig. 3(c) that the particle size of W 
nanopowders is about 20~120 nm while the as-prepared W-Co nanoparticles are obtained with the 
particle size range of 50-200 nm, as shown in Fig. 3(d).  

 

Fig. 3.  XRD patterns (a), (c) and FESEM images (b), (c) of the as-prepared products via sodiothermic 
reduction of oxidized powders of WC or WC-Co scrap powders, respectively. 

3.3 Preparation of WC or WC-Co powder 
Fig. 4 shows the XRD patterns and FESEM images of the as-prepared products by sodiothermic 

reduction of WO3 and Na2CO3 or CoWO4-WO3 and Na2CO3 in NC molten salts at 750 oC. According to 
the theoretical binary phase diagram of W-C system, the stoichiometric molar ratios of WO3 to Na2CO3 
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as raw materials should be 1:1, with the aim to prepare WC. It can be seen from Fig. 4(a) that the pure 
WC products using WO3 and Na2CO3 as raw materials with a molar ratio of 1:1 can be characterized 
clearly as such by a standard card of WC (PDF NO. 73-471). Also, well the major WC (PDF NO. 73-
471) phase with Co (PDF NO. 5-727) phase of the WC-Co products nanopowders are synthesized as 
shown in Fig. 4(c). In addition, as shown in Fig. 4(b) and Fig. 4(d), the obtained WC and WC-Co are 
nanosized particles in the range of 100-250 nm and 40-250 nm, respectively. 

 

Fig. 4.   XRD patterns (a), (c) and FESEM images (b), (c) of the as-prepared products by sodiothermic 
reduction of oxidized WC or WC-Co scrap powders with Na2CO3, respectively. 

According to the experimental results in NC molten salt systems, the chemical synthesis reaction 
between the redox reactions of WC or WC-Co scrap powders with Na2CO3 by the sodiothermic 
reduction method took place at 750 oC. By the enthalpy (H), entropy (S) and heat capacity (C) chemistry 
(referred to as HSC) thermodynamics calculation, the sodiothermic reduction WO3 and Na2CO3 or 
CoWO4-WO3 and Na2CO3 may happen according to the following Reactions (3) - (6) in molten salts. 
Because of the negative ΔG 750 

o
C, WC or WC-Co alloy particles were easier to synthesize from WO3 and 

Na2CO3 or CoWO4-WO3 and Na2CO3 with CaCl2 by sodiothermic reduction process. However, WC or 
WC-Co powders can be prepared from the oxidized WC/WC-Co scrap powders and Na2CO3 with CaCl2 

according to the Reactions (3) and (6).  
WO3 + Na2CO3 + 10Na = WC + 6Na2O                                    ΔG 750 

o
C = -273.379 kJ mol−1       (3) 

WO3 + Na2CO3 + 6CaCl2 + 10Na = WC + 12NaCl + 6CaO      ΔG 750 
o
C = -1726.985 kJ mol−1    (4) 

CoWO4 + Na2CO3 + 12Na = WC + Co + 7Na2O                       ΔG 750 
o
C = -402.835 kJ mol−1       (5) 

CoWO4+Na2CO3+7CaCl2+12Na=WC+Co+14NaCl+7CaO      ΔG 750 
o
C = -2098.708 kJ mol−1     (6) 

Besides, CaO has certain solubility in the molten salt with CaCl2 as solvent, for instance, the 
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solubility of CaO is about 21 mol% in the CaCl2 molten salts at 1000 °C [24−26]; when the temperature 
increasing from 650 to 850 °C, the CaO solubility ranges were about 5.92 mol%~8.14 mol% in the 
NaCl-50mol%CaCl2 molten salts. Thus, the CaO solubility is estimated to 7.31 mol% at 750 °C in the 
NaCl-52 mol% CaCl2 molten salts based on the findings in S. L. Wang’s paper [27]. Therefore, the 
optimum CaCl2 content in molten salts plays not only the role of reactants but also porter in the 
formation of pure Nb powders in molten salts [22]. 

4 Conclusions 
WC-Co tungsten carbide nanoparticles were directly recycled via sodiothermic reduction process in 

molten salts using oxidized hard metal scrap as powders the raw materials. The as-prepared samples 
were characterized by X-ray diffraction and scanning electron microscopy.  The WC/WC-Co scrap 
powders are oxidized and WO3 or CoWO4 were formed in the air, and these oxides with Na2CO3 were 
dissolved in NaCl-CaCl2 molten salts forming a homogeneous system. It was found that a series of 
tungsten and its alloy nanoparticles, such as W, W-Co, WC and WC-Co, were successfully recycled to 
synthesize at 750 °C using the homogeneous molten salts systems. Furthermore, the particle size of the 
as-prepared products is about 20~300 nm. 
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Abstract 

A fayalite based slag is formed during the smelting process of secondary copper containing 
resources. Of particular importance is the slag viscosity which quantifies the flow properties of 
the slag and affects the reaction kinetics, the refractory corrosion in the smelter and operational 
practice. In the present work, a high temperature rheometer system has been employed to study 
the rheological behavior of the industrial slag system FeO-ZnO-SiO2-Al2O3-CaO (FeO/SiO2 = 1-
1.5, ZnO = 6-8 wt %, CaO = 1.5 wt % and Al2O3= 4.5 wt %) at 1150 °C with iron saturation. 
The slag behaves as a shear thinning fluid. The degree of shear thinning was quantified by fitting 
the flow curve with the Oswald-De Waele power law model. The relation between the slag 
composition and the flow behavior index has been discussed.  

Introduction 

A fayalite based slag is formed during copper smelting processes of secondary resources. 
Besides FeO and SiO2, this slag also contains a considerable amount of ZnO, Al2O3 and traces of 
CaO, Na2O and Cr2O3. As a key property of the slag, viscosity influences the performance of this 
metallurgical process in both kinetic and thermodynamic ways.

Due to its particular importance in many metallurgical slags, the viscosity of the FeO-SiO2

system has been studied for many decades. However, among all the reported data, large scatter 
exists. Some researchers found that the viscosity of FeO-SiO2 exhibits a peak near the fayalite 
composition (2FeO-SiO2), while others denied the existence of the viscosity peak [1-3]. 
Moreover, most of the reported viscosity of fayalite slag was measured at relatively high 
temperature (>1250 °C). Viscosity data in the temperature range of secondary copper smelting 
(1130 °C-1150 °C) is rare. Hence, the study of the rheological behavior of the secondary copper 
smelter slag not only offers guidelines for the industrial, but also contributes to the deeper 
understanding of the fayalite based slag system.
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In this research, an Anton Paar FRS-1600 high temperature rheometer system was employed. By 
measuring the viscosity at various shear rates, the rheological behaviour of the industrial slag 
system FeO-ZnO-SiO2-Al2O3-CaO (FeO/SiO2 = 1-1.5, ZnO = 6-8 wt %, CaO = 1.5 wt % and 
Al2O3= 4.5 wt %) at 1150 °C was studied. In order to mimic the reducing atmosphere of the 
industrial process, the measurements were conducted under iron saturation.  

 
 

Experimental Procedure 
 
The samples were prepared from fayalite slag which was produced in a secondary copper 
smelting process. The slag had been tapped at around 1150 °C and instantly quenched in water. 
The slag granules were then dried and ground into powders. SiO2 or ZnO were added into the 
slag to achieve the desired composition (Table 1). According to the previously studied phase 
relation of the same slag system, the composition of the sample was chosen within the fully 
liquid range to ensure that no solid precipitation will occur at 1150 °C [4].  

 
Table1: Chemical composition of the slag samples for viscosity measurement 

sample 
Composition (wt %) 

FeO SiO2 ZnO CaO Al2O3 Na2O FeO/SiO2 
A1 49.45 33.96 8.34 1.76 4.06 2.41 1.46 
A2 47.58 36.46 8.02 1.69 3.91 2.32 1.31 
A3 45.69 41.44 6.07 1.22 4.54 1.04 1.10 
A4 43.67 44.03 5.80 1.16 4.34 0.99 0.99 

 
 
The rheological properties of the slag samples were measured using a rheometer system (Anton 
Paar FRS 1600), as shown in Fig. 1. The system consists of a DSR 502 air bearing rheometer 
head and a tube furnace (Carbolite STF 16/180) which enables the rheological measurement up 
to 1600 °C. The rheometer was water- and air- cooled to prevent overheating of the electronic 
units. 
 
In order to ensure the reducing atmosphere, an iron crucible and spindle were employed. The 
inner diameter and depth of the crucible were 30 mm and 80 mm, respectively. The cylinder 
spindle has a height of 41 mm and the diameter was 27.6 mm. The tip of the cylinder was cone 
shaped. The spindle was connected to the rheometer with a concentric alumina shaft. A similar 
alumina shaft supported the crucible on the pneumatic lift. During the measurement, argon was 
used to protect spindle and crucible from oxidation, the flow rate was 200 L/h. 
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Figure 1. Schematic of FRS-1600 high temperature rheometer  

 
In order to eliminate possible errors caused by the end effect, the measuring position of spindle 
in the crucible was fixed at 13.5 mm from the bottom. In the viscosity measurement, 60 gram of 
powder was required to ensure the complete immersion of spindle. The furnace was heated up to 
1170 °C with an average heating rate of 28 °C/min, and was held at this temperature for 20 
minutes to melt the powder. Then the furnace temperature was lowered to 1150 °C where it was 
maintained for another 30 minutes to allow the slag to equilibrate.  The spindle was slowly 
lowered into the melt. After reaching the measuring position, the spindle was kept still for 
another 10 minutes to make sure both the spindle and slag sample are at the correct temperature 
before starting the rotation.  
 
The spindle was first rotating at a shear rate of 1 s-1 and gradually the rotation speed was 
increased to the final shear rate of 100 s-1. The rheometer measured the torque and normal force 
applied on the spindle during the process. Five data points were recorded in each decade (1-10 s-1, 
10-100 s-1) to characterize the slag viscosity at different shear rates. The first 2 data points were 
neglected due to the unstable flow at the beginning of the measurement. The measurement were 
repeated for 3-5 times for each sample to obtain average value.  
 
 

Results and Discussion 
 
The viscosity as a function of the shear rate in the rage 1-100 s-1 is shown in Fig. 2. For all the 
slag samples, different shear rates yield different viscosity. More specifically, all the slag 
samples exhibit a typical shear thinning behavior, i.e. the viscosity decreases with increasing 
shear rate. It is also noteworthy that in the present case, the shear thinning effect did not continue 
consistently over the entire shear rate range. As shown in Fig. 2, for all the samples the viscosity 
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decreases sharply in the low shear rate range (<10 s-1) and tends to be gradually stabilized with 
further increasing the shear rate. As the shear rate approaches 100 s-1, the influence of increasing 
shear rate on the slag viscosity is decreased. 
 

 
Figure 2. Relation between the viscosity and the shear rate, 1150 °C 

 
The Oswald-De Waele power law model was used to quantify the degree of shear thinning: 

 
1nK� @ �	 1n@ �                (1) 

 
log log ( 1) logK n� @	 � � @  (2) 

 
In Eq. (1), the power law model characterize the viscosity (� ) as a function of shear rate ( @@ ), 

flow consistency index (K) and flow behavior index (n). The flow behavior index (n) indicates 
the degree of shear thinning/thickening. In the case of Newtonian fluids, n takes the value of 1. 
For a shear thickening fluid, n is higher than 1 while for a shear thinning fluid, n takes a value 
between 0 and 1. As n approaches 0, the degree of shear thinning increases. By applying 
logarithm on Eq. (1), as shown in Eq. (2), the logarithm of the viscosity is linearly correlated 
with the logarithm of the shear rate, with a slope of (n-1). 
  
In Fig. 3, the viscosity-shear rate relation is shown in a double logarithmic plot. The flow 
behavior index n can be obtained by fitting the data points with Eq. (2). As mentioned before, the 
shear thinning trend of the slag does not continue consistently over the entire shear rate range. 
Hence the flow behavior index was evaluated by stage, in which n1, n2 and n0 were used to 
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denote the flow behavior index in the shear rate of 1-10 s-1, 10-100 s-1, and the entire range, 
respectively. 

 
Figure 3. Viscosity-shear rate relation at 1150 °C in logarithm scale  

 
In Fig. 4, the average values of the three indexes for the slag samples are shown. For all the 
measured samples, a lower shear rate yields a smaller flow behavior index compared with the 
higher shear rate range, which means stronger shear thinning in the low shear rate range. 
 

 
Figure 4. In-step flow behavior index of the slag system as a function of 

FeO/SiO2 at 1150 °C 
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Similar shear-thinning behavior was reported by Shin in the case of calcium-silicate based mold 
flux at 1350 °C [5, 6]. It was also found that the shear-thinning was weakened by applying 
higher shear rate (> 35 s-1). The shear thinning effect of the silicate melt was explained by the 
concept of temporary viscosity loss. The molecular bonds of the molten mold flux, which were 
randomly oriented before applying any shear stress, started to align in a single direction in the 
rotation process. This gives rise to the viscosity decrease in the early stage of the measurement. 
Once the bonds were completely aligned in the same direction, the viscosity was stabilized. The 
amount of molecule bond was found closely related with the degree of polymerization. In the 
mold flux with higher degree of polymerization, stronger shear thinning was found.     

Fig. 4 shows the relation between the slag composition and the flow behavior index. FeO is often 
considered as a network modifier in the silicate melt and has a disruptive effect on the network. 
However, this is not the case for the present slag. As can be seen in Fig. 4, the increase of 
FeO/SiO2 ratio gives rise to a lower value of the flow behavior index, which corresponds to a 
stronger shear thinning. This implies that with increasing FeO content in the slag system, the 
degree of polymerization is increased.  

Figure 5. Published viscosity measurement data of FeO-SiO2 system at 
1200 °C -1300 °C 

The viscosity of FeO-SiO2 system has been studied for decades. Many researchers reported that
at the composition corresponding with fayalite (Fe2SiO4), the viscosity exhibits a local maximum 
value, as shown in Fig. 5. Kaiura reported that the local viscosity maximum can be identified in 
the temperature range of 1200 °C - 1350 °C. A theory was proposed that molecular clusters were 
formed at this temperature range, which was accountable for the viscosity increase[1]. It was 
estimated by Shiraishi that the average molecule cluster consists of 11-12 molecules and takes 
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around 15% in volume at the melting point of fayalite and gradually vanished by increasing 
temperature[2].  

As in the present case, by increasing the FeO content, the composition of the slag moves towards 
the fayalite composition (corresponding weight ratio FeO/SiO2 = 2.5), where there is a tendency 
for the molecular units to aggregate to form clusters. The formation of clusters increases the 
degree of polymerization of the slag system and yields a shear thinning effect.  This hypothesis 
also explains the divergence in the reported viscosity data of fayalite based slag. In Fig.3, the 
viscosity of A1 (with lowest SiO2 content among the four samples) is higher than A2 and A3 
which contains more SiO2. As the shear rate increases, the viscosity of A1 decreases dramatically 
and finally became the lowest among the 4 samples. Similarly, an obvious local maximum of 
viscosity can be detected if the slag system was measured with low shear. By increasing shear 
rate, the local maximum turns to be less evident and even vanished.   

Conclusion 

The rheological behavior of the industrial slag system FeO-ZnO-SiO2-Al2O3-CaO (FeO/SiO2 =
1-1.5, ZnO = 6-8 wt %, CaO = 1.5 wt % and Al2O3= 4.5 wt %) was studied with a high 
temperature rheometer system at 1150 °C in a condition of iron saturation. 

It was found that the slag behaves as a shear thinning fluid. The Oswald-De Waele power law 
model was used to quantify the rheological behavior of the slag samples. The slag yields a
stronger shear thinning in the low shear rate range (< 10 s-1) than in the high shear rate range (> 
10 s-1). This was explained by the alignment of molecule bonds at the early stage of rotation. 

The slag with high FeO was found to have smaller flow behavior index, e.g. higher degree of 
shear thinning. This phenomenon was explained by the theory of slag polymerization. Molecule 
clusters are formed at the composition of fayalite (Fe2SiO4) and this increases the degree of 
polymerization in the slag melt. The closer the composition of the slag towards fayalite, the 
higher degree of polymerization is expected, which leads to more pronounce shear thinning. 
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Abstract 

Equilibrium between MnO-CaO-MgO-SiO2-Al2O3 slags and carbon saturated Mn-Si-Fe-C alloys was 
investigated under CO at 1500oC. Manganese and silicon activities were obtained by using the present 
data and the previously determined MnO and SiO2 activities of the slag. Quadratic multi-coefficient 
regression equations were developed for activity coefficients of manganese and silicon. The conclusions 
of this work are:(i)increase in the basicity and the CaO/Al2O3 ratios decreases the Mn distribution 
ratio,(ii)increase in the silica concentration and the MgO/CaO ratio increases the Mn distribution ratio, 
iii)carbon and manganese as well as carbon and silicon of the metal phase are inversely
proportional,(iv)as Mn/Fe and Mn/Si ratio increases in the metal the carbon solubility 
increases,(v)decrease in the basicity increases the silicon content of the metal and (vi)increase in the silica 
content of the slag increases the silicon content of the metal and this effect is more pronounced at the 
higher Mn/Fe and Mn/Si ratios. 

Introduction 

High-carbon ferromanganese is the most common alloy used as an additive in the steel industry to control 
deoxidation of steel and to produce manganese-bearing alloys. Two processes are employed in the 
manufacture of high carbon ferromanganese referred to as the low- (discard) and high- (enriched) slag 
practice. The low slag practice is the least economical in terms of production costs per ton of 
ferromanganese and it produces the normal grades of high-carbon ferromanganese with secondary slags 
ranging from 8 to 15 per cent contained MnO. This practice is employed when the manufacturer does not 
produce silicomanganese for which a slag of higher manganese content can be used as a raw material or 
has no sale for the higher MnO containing slag. In high slag practice, the slags produced during 
manufacture of high-carbon ferromanganese contain between 25 and 40 per cent MnO. These manganese-
rich slags are used for the production of silicomanganese by carbothermic reduction due to their 
extremely high Mn-to Fe ratio, high silica content and low phosphorus content. In manufacturing high-
carbon ferromanganese and silicomanganese in the smelting furnace, the factor which determines the 
quality of the product, the efficiency of the process and the final recovery rate of manganese is the 
distribution of the valuable manganese between the alloy, slag and gas phases and the phase equilibria 
among them. In other words, the efficiency is governed, to a large extent, by the thermodynamic activities 
of MnO in the slag1, 2 and that of Mn in the alloy phase. An extensive experimental data and information 
on the thermodynamic activity of MnO in MnO-CaO-MgO-Si02-Al2O3 synthetic ferromanganese slags 
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were gathered and was reported1-3 elsewhere.  Some noteworthy relationships from literature pertinent to 
this work are the following. Firstly, the inverse relationship between the silicon and carbon in the metal 
phase and the increase in carbon solubility of the melt with a decrease in Fe/Mn ratio can be mentioned4, 5-

10.  Although, the reported data5-10  are not in good agreement with each other, a general tendency is that 
the increasing carbon and silicon additions lower the manganese activity leading to large negative 
deviations from ideality  in liquid manganese. Although it appears that a substantial amount of 
information has been available on manganese containing liquid alloy systems, the majority of these are 
related to conditions in iron and/or steelmaking where manganese is in low concentrations. Furthermore, 
there are few studies on thermodynamics and slag-metal equilibria pertinent to high-carbon 
ferromanganese and silicomanganese smelting at typical process temperature of 1500oC. The present 
research work is directed to fill in some of these gaps. 

 

Experimental procedure 

 

A gas-tight vertical molybdenum resistance furnace has been assembled and employed for the study of 
slag-metal equilibrium. The reaction tube was continuously purged with chemically pure CO gas which 
was introduced from the bottom end of the alumina furnace work tube and was vented to the fume hood 
through the gas outlet on the top of the work tube. Actual sample temperatures in the furnace were 
measured with a Pt-6 %Rh/Pt-30%Rh (B-type) thermocouple. In the slag-metal distribution experiments, 
graphite crucibles were used. The slag was prepared as a homogenous mixture made from its pure 
components. In total, 55 slag samples of different compositions containing MnO, CaO, MgO, SiO2 and 
Al2O3 were prepared from analytical-reagent grade oxide powders. However, prior to use, all the oxides 
except MnO were first calcined in an electrical resistance-heated muffle furnace for about 24 hours at 
1200°C. After cooling, the required amount of CaO, MgO, SiO2 and Al2O3 were carefully weighed and 
thoroughly mixed in the desired proportions to give slags of the designed compositions in an agate mortar 
under a liquid blanket of acetone until all the acetone had vaporized. The dried mixtures were then 
pressed into disks. These disks were re-calcined for 12 hours at about 1200°C in order to promote 
sintering, and thereby homogenization of the samples. On cooling, the homogenized disks were crushed 
and ground in an agate mortar and mixed with required quantities of reagent-grade MnO in an agate 
mortar as described above before every individual run. The slag basicity ranged from about 0.4 to 1.2 and 
MnO contents ranged from 5 to 30 mass per cent. The initial Al2O3 content of slags were kept at 5 mass 
per cent level. CaO content varied in the range 20 to 35 mass percent, MgO in the 5 to 17.5 mass percent 
and SiO2 in the 27 to 58 mass percent range. The metal charge which consisted of Mn, Si, C and Fe was 
prepared from electrolytic manganese, iron, high-purity silicon and spectrographic-grade graphite 
powders. From these, a number of master alloys were prepared by melting the elements under an argon 
atmosphere in graphite crucibles. The composition of the alloys for the experimental runs was adjusted by 
adding the necessary pure elements in powder form to these master alloys. The ranges of initial alloy 
compositions as determined by chemical analysis are shown in Table 1. It was found that a minimum of 
10 hours was necessary for equilibration1.  In the slag-metal equilibrium distribution experiments, the 
charge consisted of about 6 g of metal and 4 g of slag of selected compositions and was contained in 
graphite crucibles. The reaction tube of the furnace was flushed for about 15 minutes with 
spectrographically pure argon before the CO atmosphere was employed.  The flow rate of CO was kept at 
600 cm3/min.  After equilibration at 1500oC the CO gas was turned off and the argon was allowed to 
pass through the reaction tube and the crucibles were lowered to the bottom water-cooled end of the 
furnace quickly. The apparatus was opened from the bottom, and the graphite crucibles with their 
contents were immediately quenched in water. The crucible was broken and the slag and metal phases 
were removed from the crucible and separated. Both phases were crushed, ground, pulverized and were 
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Table 1. The initial metal-phase compositions. 
 

 
 
 
 
 
 
 
 

kept in sealed bottles in desiccators until their contents were analysed. The analysis of alloys was done for 
Mn, Si, Fe and C. The whole composition of slag was analysed and the total composition amounted to 
within 98 and 101 mass per cent. 

 

Results and Discussions 

    Manganese distribution 

The effect of basicity ratio on the logarithm of the distribution ratio of manganese is seen in Figure 1. 
The distribution ratio of a species “i” is defined as per cent of “i” in the slag divided by per cent of “i” 
in the metal phase. In all the figures, round and square brackets indicate the slag and metal phases 
respectively. Figure 1 sows that an increase in the basicity ratio causes an increase in the manganese 
content of the metal phase relative to that of the slag. It is well known11-14  that the interaction of Ca2+ 
ions with SiO2 is stronger than those of mixed Ca2+ and Mg2+ ions and Mg2+. Thus, one can conclude 
that an increase in the amount of CaO can lead to an increase in the formation of Ca2SiO4 orthosilicate, 
leading to higher aMnO values in the slags. The increase in the aMnO  values favours the transfer of 
manganese into the metal phase.  

Figure 2 shows the relation between CaO-to-Al2O3 ratio and the Mn distribution between slag and 
metal phases. The Si-to-Fe ratio is 0.23 in the metal phase. As it is seen in the figure, when CaO 
replaces Al2O3 in the slag, the Mn transfer to the metal phase increases. This can also be explained by 
referring to increased MnO activities by an increase in the concentration of CaO in the slag. 

In the metal phase, the carbon and manganese concentrations are directly proportional to each other as 
seen in Figure 3.  An increase in manganese concentration increases the saturation limit of carbon in 
Mn-Fe-Si-C ferroalloys. Linear regression equation was derived to predict the carbon concentration (in 
mass per cent) and very high correlation coefficient (r2=0.930) was obtained.  At 1500oC, the 
regression equation is:  C% = 30.6952 + 5.4453 Mn%. 

Silicon distribution 

The relationship between the equilibrium solubility of carbon (at saturation) and silicon in Mn-Fe-Si-C 
alloys is illustrated in Figure 4 which is applicable for ferromanganese alloys where three different data 
groups with different Mn-to-Fe ratios (3.7, 6.7, and 7.4) are plotted. It can be seen that, at constant 
silicon contents, as the Mn-to-Fe ratio increases, the carbon solubility in the metal phase increases. The 
carbon and silicon concentrations in the metal phase are inversely related as expected and this 
behaviour can be explained in terms of the stability of carbides. As silicon lowers the solubility of 
carbon, the conditions becomes less favourable for carbide formation. Thermodynamically, this is an 
indication that silicon lowers the activity of carbon. 

Phase Mn, % Fe, % Si, % C, % 
Ferromanganese 82.19 9.34 1.50 7 

 79.77 11.73 1.50 7 
 74.56 16.94 1.50 7 

Silicomanganese 66.64 19.30 12.34 1.7 
 62.55 19.30 16.46 1.7 
 57.04 19.30 21.94 1.7 
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Figure 1.  The effect of basicity ratio on                     Figure 2.  The effect of CaO/Al2O3 ratio on  
                manganese distribution at 1500oC                               manganese distribution at 1500oC 
                under CO atmosphere.                                               under  CO atmosphere. Si/Mn=0.23 

 

 
 

 
 
Figure 3. The effect of the Mn content on the C                Figure 4. The effect of the Si content on   
          content of the metal phase (Si:Fe C 0.18) at                        the C content of  the metal phase  
          1500oC  under CO atmosphere.                                          with different Mn-to-Fe ratios at    
                                                                                                     at 1500 oC under CO atmosphere. 
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The silicon content of the metal phase in ferromanganese and silicomanganese compositions are to a great 
extent affected by the silica content of the slag with which they are in equilibrium.  Figure 5 show the 
effect of the Mn-to-Fe ratios of the metal phase on the relationship between the silicon content of the 
metal and silica content of the slag in ferromanganese compositions. In Figure 5, three data groups with 
different Mn-to-Fe ratios (3.7, 5.5, and 6.7) are superimposed. The increase in the silica activity in the 
slag with increasing silica concentration results in the transfer of silicon from the slag to the metal.  
 
 
 
 
 
 
 
 

 
Figure 5. The effect of silica content of the slag on the      Figure 6.  Iso-activity curves of Si in  
                Si content of the metal at 1500oC under CO.      silicomanganese melts saturated with C at              

                                                                                               1500oC. 

It is also established that as the CaO-to-Al2O3 ratio increases (at more or less constant Al2O3 content) the 
silicon content of the metal decreases. As the Mn-to-Fe and Mn-to-Si ratio increases, the effect of 
increasing CaO-to-Al2O3 ratio on the silicon content of metal is even greater. This indicates that the 
activity of silica in the slag is decreased by the substitution of CaO in accordance with the network 
modification power of CaO. 

Manganese and silicon activities in Mn-Si-Fe-C melts 

The results of the previous investigation by the present authors on MnO activities1 in manganese slags 
were in excellent agreement with those predicted from the slag model developed by Gaye15. Therefore, 
SiO2 activities in the slag were predicted through the same slag model15 in order to calculate the Si 
activities in Mn-Si-Fe-C metal phase and the compositional information of the slag and metal phases were 
provided from the results of slag-metal equilibrium experiments making use of the following reaction at 
the experimental temperature of 1500oC. 

�  �  COSiCSiO 22)( 2 �	�            moleJG /28.55968	
�                                                         (1)  
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The equilibrium constant of this reaction can be written as: 
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	                                                                                                                       (2) 

In equation (2), 1	Ca  and 1	COp atm. Thus, the equation (2) reduces to: 

2SiO

Si

a
a

K 	                                                                                                                                   (3) 

Where .02244.0	K  

The Mn activities were also calculated similarly using known activities of MnO in the slag1,2 through the 
equation 

�  �  COMnCMnO �	�)(  moleJG /80.23622�	
�                                                        (4) 

The equilibrium constant of this reaction can be written as: 

MnOC
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In equation (5), 1	Ca  and 1	COp atm, therefore, the equation (5) reduces to: 

MnO

Mn

a
aK 	                                                                                                                                   (6) 

Where .953.4	K  

The activities of Si and Mn can be easily calculated through the equations (3) and (6). 

The model equations for activity coefficients of Si and Mn  for silicomanganese compositions are: 

)7...(..........5894.797.1995236.285.1234747.132237.8ln 2
FeSiFeMnMnFeSiSi XXXXXXX �����	@

)9.....(..........3.3328.1438.1225.3201.3004176.74ln 22
FeSiFeMnSiMnMnMn XXXXXXX �����	@  

 
and the model equations for activity coefficients for ferromanganese compositions are: 

)8..(..........0.11069.3529.2477.1084553.146390.9ln FeSiFeMnFeSiMnSi XXXXXXX �����	@
 

)10..(..........2.12639.3033.14272975.300995.88048.6ln 22
FeSiFeSiSiMnMn XXXXXX ������	@  

Activities of manganese and silicon display strong negative deviations from ideality in both 
silicomanganese and ferromanganese compositions. The iso-activity contours of silicon for 
silicomanganese and ferromanganese compositions were derived through the model equations (7) and (9) 
at 1500oC and are shown in Figures 6 and 7.  

As it was mentioned before, the figures represent a carbon-saturated system and if atomic fraction of 
silicon (XSi) increases, then, atomic fraction of carbon (XC) decreases. Namely, the carbon concentration 
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decreases as it goes up to the top part of the figure. In this system, XC takes a certain value if the atomic 
fraction of iron; XFe and XSi are given, and therefore, the compositions of all carbon-saturated alloy melts 
of the Mn-Si-Fe-C system can be represented on a plane with XFe and XSi on both axis as shown in 
Figures 6 and 7.  

In silicomanganese composition (Figure 6), the predicted iso-activity contour values vary between 0.012 
and 0.021. However, in ferromanganese composition (Figure 7), the silicon activities are even smaller 
(between 5×10-4 and 3×10-3). The difference between the silicon activities in these two compositions can 
to a certain extent, be explained according to the difference in silicon concentrations (being higher in 
silicomanganese composition) in these compositions. Concerning the carbon saturated system Mn-Si-Fe-
C; the related thermodynamic data is very scarce. Therefore, it is difficult to explain the order of 
magnitude change in iso-activity curves. 

 

 

Figure 7.  Iso-activity curves of Si in ferromanganese     Figure 8.  Iso-activity curves of manganese 

              melts saturated with C at 1500oC (x10-4).           in silicomanganese melts saturated with C       

                                                                                             at 1500oC. 

Figures 8 and 9 show the iso-activity contours of manganese which are derived through the model 
equations (8) and (10) for silicomanganese and ferromanganese compositions respectively. In Figure 8, in 
silicomanganese composition, an increase in XFe decreases aMn values. A decrease in XFe will increase XMn  
and XSi in carbon-saturated system and this will lead to higher aMn values. In Figure 9, a decrease in XSi  at 
constant XFe first increases and then decreases the aMn values in ferromanganese composition. The 
increase in aMn is clear due to increase in XMn at fixed XFe and XC values. However, even a further 
decrease in XSi causes aMn to start decreasing which may be due to the fact that at very low silicon 
concentrations, the saturation solubility limit of carbon increases substantially favouring stronger Mn-C 
interactions and a tendency for 25CMn formation which will tend to decrease aMn values.   When the 

results of the present study, are compared to the results of Tanaka16, 17 who studied the same system, it is 
seen that the iso-activity contours of silicon and manganese have very similar patterns and there is 
reasonable agreement between the actual activity values. 
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Figure 9.  Iso-activity curves of manganese in ferromanganese melts   saturated with C at 1500oC. 

 

 
Conclusions 

 

This research work was carried out to study the equilibrium distribution of Mn and Si between carbon-
saturated Mn-Si-Fe-C alloys and MnO-CaO-MgO-SiO2-Al2O3 slags that are typical of the production of 
ferromanganese in submerged arc electric furnaces in South Africa. Furthermore, an attempt was made to 
determine the activities of Mn and Si in the metal phase.  The conclusions are outlined as follows: 

- An increase in basicity ratio of the slag decreases the Mn distribution ratio, 
- An increase in silica concentration of the slag increases the Mn distribution ratio, 
- An increase in CaO-to-Al2O3 ratio of the slag decreases the Mn distribution ratio, 
- An increase in MgO-to-CaO ratio of the slag increases the Mn distribution ratio, 
- The carbon and manganese contents of the metal phase are directly proportional, 
- The carbon and silicon concentrations in the metal phase are inversely related and, as the Mn-to-

Fe or Mn-to-Si ratio increases, the carbon solubility in the metal phase decreases, 
- An increase in the silica content of the slag phase increases the silicon content of the metal phase 

and this effect is even more pronounced at the higher Mn-to-Fe or Mn-to-Si ratios, 
- The activities of Mn were computed by making use of slag-metal equilibrium data and MnO 

activity data gathered in earlier part of the present work1, 2. 
- The activities of Si were computed by making use of slag-metal equilibrium data and the  SiO2 

activities predicted through the slag model15 

- Statistical model equations which represent Mn@ln and Si@ln data successfully were developed 

in order to use to predict the activity coefficients of Mn and Si in the compositional range of the 
present work.  

- The iso-activity contours of Si and Mn in silicomanganese and ferromanganese compositions 
were derived. 
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Abstract 

B2O3 and Na2O are key components of fluorine-free mould fluxes for continuous casting, but 
both are highly volatile which affects the flux stability. This paper investigates evaporation of the 
SiO2-CaO-Al2O3-B2O3-Na2O fluxes (Na2O: 6-10 wt%, CaO/SiO2 ratio: 0.8-1.5) in the 
temperature range 1573 to 1673K using a thermogravimetric analysis method. The weight loss as 
a result of the flux evaporation increased with increasing temperature. The rate of evaporation 
increased significantly with the increase in the Na2O content. The effect of the CaO/SiO2 ratio in 
the range 0.8-1.3 on the evaporation rate was marginal. However, the increase of this ratio to 1.5 
slowed down evaporation after approximately 1000 s. When 6.2 wt% Na2O was added to the 
SiO2-CaO-Al2O3-B2O3 flux, the apparent activation energy Ea for the evaporation reaction 
decreased from 365 to 193 kJ/mol, while a further increase in the Na2O content to 9.1 wt% had a 
minor effect on Ea. The high evaporation rate of boracic fluxes in the presence of B2O3 and Na2O 
was attributed to the formation of highly volatile NaBO2. 
 

1. Introduction 
Conventional commercial mould fluxes usually contain 4-10 wt% of fluoride to maintain heat 
transfer, melting temperature, and viscosity appropriate for the steel continuous casting[1].  
However, the emission of fluorine causes water pollution, equipment corrosion, and health 
hazards [2].  Therefore, development of the fluorine-free mould fluxes is important to decrease 
environmental impact of metallurgical industry and equipment corrosion [2, 3, 4].  Na2O is 
added to the fluorine-free mould fluxes to accelerate the crystallisation of mould fluxes and to 
decrease their melting temperature [5].  It was also suggested that the combination of B2O3 and 
Na2O leads to the formation of boracic phase which might replace cuspidine, which is a key 
crystal phase in the fluorine-containing fluxes [2, 6]. 

However, high volatility of sodium containing compounds is a limitation in the industrial use of 
the Na2O-containing boracic fluxes [7].  Besides, B2O3 itself might also evaporate at high 
temperatures.  High volatility of Na2O and B2O3 can change the chemical compositions of mould 
fluxes, and therefore their physicochemical properties.  It was also reported that CaO/SiO2 ratio 
could affect the flux evaporation rate because of the alternation of flux physicochemical 
properties, e.g. viscosity [8].  Thus, knowledge of kinetics and mechanism of evaporation of 
mould fluxes containing both B2O3 and Na2O is important for the development of the F-free 
mould fluxes.  Research in this area has been quite limited [8, 9, 10]. The purpose of this work 
was to investigate the evaporation of CaO-SiO2-Al2O3-B2O3-Na2O fluxes, focussing on effects of 
the Na2O content and CaO/SiO2 ratio. 
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2. Experimental procedure  
 
2.1 Sample preparation 
 
In this study, slag samples were prepared using chemical reagents of CaCO3, Na2CO3, SiO2, 
Al2O3, and B2O3 powders, with several carbonates being substituted for oxides due to their 
stability in air.  The mixture of components was ground in an agate mortar for 20 min, and 
placed to the furnace in a high-purity graphite crucible.  After heating and melting at 1400°C, 
and holding at this temperature for 20 min, the slag was poured onto a steel plate and cooled to 
the room temperature.  Subsequently, the slag sample was crushed and ground, forming 
homogenized fine powder.  Compositions of fluxes analysed by X-ray fluorescence are listed in 
Table I.  Fluxes No. 1, 4, 5 and 6 have varied Na2O contents from 0 to 9.1 wt% at a fixed 
CaO/SiO2 ratio of 1.3, while Fluxes No. 2, 3, 5 and 7 have varied CaO/SiO2 ratios from 0.8 to 
1.5 at Na2O contents in the narrow range 7.8-8.4 wt%. 
 

Table I.  Chemical compositions (wt%) of test fluxes 
Flux No. CaO/SiO2 ratio CaO SiO2 Al2O3 B2O3 Na2O 

1 1.3 51.1 39.2 3.2 6.4 0 
2 0.8 36.8 44.9 3.5 6.6 8.2 
3 1.0 40.5 40.8 3.6 6.7 8.4 
4 1.3 47.2 36.4 3.6 6.6 6.2 
5 1.3 46.2 35.7 3.5 6.7 7.9 
6 1.3 45.3 35.3 3.8 6.5 9.1 
7 1.5 49.5 32.8 3.4 6.5 7.8 

 
2.2 Thermogravimetric measurement 
 
The evaporation experiments were conducted using STA449-F1 calorimeter (NETZSCH 
Instruments, Germany) in the isothermal mode at 1300, 1350 and 1400
C in Ar atmosphere.  
Pt/Ph crucibles with 6 mm inside diameter and a volume of 84 μL were employed as the 
containers for the slag samples. The crucibles were cleaned after each use, using the solution of 
25 wt% HCl. 
 

Before the furnace was heated, the chamber  
was evacuated and purged with argon gas for 300 
s to ensure a steady gas flow.  The sample was 
then heated to a pre-determined temperature with 
a heating rate of 50 K/min, the maximum heating 
rate for the apparatus.  The gas flow rate was kept 
constant at 70 ml/min for the duration of the 
experiment, which was reported to be above the 
starvation rate[11].  Therefore, evaporated 
species at the interface are expected to be 
immediately swept away from the liquid/gas 
interface.  The sample was kept at the 
experimental temperature for 60 min.  During the Figure 1. Weight loss of Flux No.7 in parallel 

experiments at 1350oC.  
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experiment, the weight change and the temperature of the sample were recorded every 0.1 s.  
Parallel experiments for some selected fluxes demonstrated a good reproducibility of the 
experimental results (Figure 1). 

 
3. Results and discussion 

 
3.1 Weight loss of fluxes  

The measured weight loss of fluxes (represented as �m/m0, where �m is the weight change and 
m0 is the original sample weight) over time during isothermal conditions (1300-1400°C) is 
shown in Figure 2.  Figures 2a, c and e show the weight loss of fluxes with a fixed CaO/SiO2 
ratio at 1.3 but varied Na2O contents at different temperatures.  In general, the weight loss 
increased with the increasing temperature.  For Flux No.1 containing 6.4 wt% B2O3 and no 
Na2O, the weight loss was less than 0.002% at all temperatures for 1 h.  The addition of 6.2 wt% 
Na2O produced a significant weight loss (Figures 2a and c). With further increase of the Na2O 
content, the increase in the evaporation slowed down.  No change in the evaporation rate was 
observed at 1300°C when Na2O increased from 7.9 to 9.1 wt% (Figure 2a). 

Figures 2b and d show the evaporation rates of fluxes with a fixed Na2O content at 
approximately 8 wt% but varied CaO/SiO2 ratios at 1300 and 1350
C, respectively.  Increase in 
the CaO/SiO2 ratio from 0.8 to 1.3 had no significant influence on the weight loss at 1300°C 
(Figure 2b).  However, when the CaO/SiO2 ratio increased further to 1.5, the sample weight 
changed slowly after around 1000s, although there was no difference in the evaporation rate 
before this time (Figures 2b and d). 
 

   

  

 

Figure 2. Weight loss as a function of time at (a,b)1300°C, (c,d)1350°C, and (e)1400°C with 
(a,c,e) a fixed CaO/SiO2 but varied Na2O content, and (b,d) a fixed Na2O but varied CaO/SiO2. 
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3.2 Evaporation rate and activation energy 
 
The evaporation rates were analysed during first 10 min of the weight measurements.  To take 
this short time only is by considering the flux chemistry change because of evaporation which 
would alter the original flux evaporation rate.  Evaporation rate k, s-1, was expressed as: 

                                                                                                         (1) 

                                                                                                 (2) 
where  is the flux mass change, and , g, is the flux mass at time , s.  Table II shows 
the calculated evaporation rates of different fluxes.  The evaporation rate increased with the 
increase of the Na2O content at the fixed CaO/SiO2 ratio of 1.3, while the CaO/SiO2 ratio at the 
constant Na2O content had almost no effect on k. 
 

Table II. Evaporation rate k (s-1) of fluxes 
Flux No. 1300°C 1350°C 1400°C 

1 -3.08×10-7 -8.21×10-7 -1.90×10-6 
2 -1.93×10-5 -- -- 
3 -1.93×10-5 -- -- 
4 -1.54×10-5 -2.43×10-5 -- 
5 -1.81×10-5 -2.89×10-5 -- 
6 -1.87×10-5 -3.34×10-5 -4.91×10-5 
7 -2.03×10-5 -2.89×10-5 -- 

*-- Evaporation rates were not measured under these conditions 
 
The apparent activation energies for the evaporation process were estimated from the Arrhenius 
plots using data on k obtained at different temperatures: 

                                                                                                 (3) 

where A is the pre-exponential factor, Ea is the apparent activation energy, kJ/mol, R is the gas 
constant, 8.314 J/(mol.K), and T is the absolute temperature, K.  Values of Ea were obtained 
from the slope of lnk vs 1/T (shown in Figure 3) and listed in Table III.  Addition of 6.2 wt% 
Na2O to the CaO-SiO2-Al2O3-B2O3 system significantly decreased Ea.  A further increase in the 
Na2O content from 6.2 to 9.1 wt% had a minor effect on Ea.  Experimental data for fluxes 
containing 7.9 and 9.1 wt% Na2O were available only at 1300 and 1350°C, what is not sufficient 
for the accurate estimation of the apparent activation energy. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Arrhenius plots for fluxes with 
varying Na2O contents. 
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Table III. Calculated Ea as a function of Na2O content 
 

Flux No. Na2O, wt% Ea, kJ/mol R2 
1 0 365 0.99 
4 6.2 193 -- 
5 7.9 203 -- 
6 9.1 211 0.98 

 
3.3 Estimation of vapour pressures of Na, O2, B2O3 and NaBO2 
 
The evaporation of B2O3 at high temperatures from the B2O3 containing fluxes was observed in 
works [10, 12].  However, the vaporisation of fluxes containing Na2O, which is a common 
component in the mould fluxes, has significant differences as the vaporization species include 
Na2O and also other compounds.  Generally, vaporisation of Na2O and B2O3 can be described by 
the following reactions [8, 9]: 

                                                                                            (4) 

                                                                            (5) 

                                                                     (6) 
In these reactions (Na2O) and (B2O3) are oxides dissolved in the flux.  The weight loss of Flux 
No.1 (Figures 2a, c and e) was very low, indicating evaporation of B2O3 can be neglected.  
Therefore, Na, O2 and NaBO2 are considered as the major evaporative species.  Once the 
evaporation starts, gaseous species evaporate from the interface and leave the system with the 
carrier Ar gas.  After a certain time, a steady-state is established in which the concentrations of 
gaseous species in argon gas become constant [13]. 
 
The flux of each gaseous component JA, mol/s, is defined as: 

                                                                                                            (7) 

where MA is molecular weight, g/mol, and ∆mA is the mass loss of component A (A:  B2O3, Na, 
O2, NaBO2). 
 
In order to simplify the problem, it is assumed that there is no convection occurring inside the 
crucible[9]: 

                                                                                              (8) 

where i and b represent the interface and bulk, respectively.  S is the area of the interface, and L 
is boundary layer thickness which is assumed to be the distance between the surface of liquid 
slag and the crucible top, cm.   and  are the partial pressures at the interface and in the bulk 
gas, respectively.   is assumed to be zero since the gas flow rate is not starved under the 
experimental conditions.   is the diffusion coefficient of gaseous species through Ar gas, 
cm2/s, which can be calculated by Chapman-Enskog equation[14]: 

                                    (9) 

where P is the pressure, atm,  and  are molecular weights of gaseous species and Ar, and 
 is the collision integral for diffusion, which is a function of the dimensionless temperature 

kT/εA-Ar[14]. 
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Parameters , Å and , J, are parameters of the Lennard-Jones potential which can be 
estimated from the following equations [14]: 

                                                                                      (10) 

                                                                                         (11) 
 
In the present study, the values  and σAr taken from [15] are 122.4K and 3.432 Å, respectively.  

The values of εA and σA can be estimated by the following empirical equations [16]: 
                                                                                                 (12) 

                                                                                              (13) 
where k is Boltzmann constant, 1.38×10-23 J/K, Tm is the melting temperature, K, and Vm,A is the 
molar volume at melting temperature, cm3/mol.  Table IV shows the calculated  and σA using 

Equations 12 and 13. 
 

Table IV. Parameters  and σA for different gaseous species 

 
Gaseous 
species 

MA, g/mol ρliq, g/cm3 Vm, cm3/mol Tm, K , K σA, Å 

B2O3(g) 69.62 2.46 28.30 723 1388.16 3.724 
Na(g) 22.99 0.93 24.80 371 712.32 3.560 
O2(g) 32.00 -- -- -- 113[15] 3.433[15] 

NaBO2(g) 65.80 2.46 26.75 1239 2378.88 3.655 
 
Calculated κT/εA-Ar are shown in Table V.  Using collision integrals together with the Lennard-
Jones potential for the prediction of transport properties of gases at low densities [15], values of 

 for different species are presented in Table V.  Estimated  values using Equation 9 
are also shown in Table V. 
 

Table V. Estimated diffusion coefficients of gaseous species in Ar gas (10-4 m2/s) 
 

Parameter 1300°C 1350°C 1400°C 
 3.79 3.91 4.03 

 0.8952 0.8897 0.8845 
 2.02 2.13 2.24 
 5.29 5.46 5.63 

 0.8428 0.8428 0.8129 
 2.96 3.1 3.36 

 13.29 13.71 14.13 
 0.7025 0.7025 0.7025 
 2.29 3.28 3.43 

 2.90 2.99 3.08 
 0.9588 0.9500 0.9418 
 1.94 2.05 2.17 
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The rate of total weight loss of the molten flux can be calculated using the following equation: 

                                                                                                    (14) 

Table VI shows the estimated vapour pressures of major gaseous species for Flux No.5 using 
thermochemical software Factsage 7.0.  Clearly, the vapour pressure of NaBO2 is the highest, 
indicating it is a dominant volatile species.   
 

Table VI. Estimated vapour pressure  (Pa) for major gaseous species for Flux No.5  
 

PA 1300°C 1350°C 1400°C 
B2O3(g) 4.72×10-4 1.31×10-3 3.35×10-3 
Na(g) 1.38 2.84 5.60 
O2(g) 0.34 0.71 1.39 

NaBO2(g) 58.37 104.16 177.96 
 
By combining Equations 8 and 14, total weight loss can be estimated from the following 
equation: 

                                                                                    (15) 

The calculated weight loss for Flux No.5, compared with the experimental measurement, is 
shown in Table VII.  In general, the measured values are slightly lower than the calculated ones, 
but both are in reasonable agreement. 
 

Table VII. A comparison of measured and estimated weight loss  (10-9 g/s) for Flux No.5 

 
Temperature 1300°C 1350°C 

Measured 513.83 900.56 
Calculated 611.05 1141.82 

 
4. Conclusions 

 
In the present study, stability of the fluorine-free mould flux SiO2-CaO-Al2O3-B2O3-Na2O for the 
steel continuous casting was investigated, and the following results were obtained: 
(1) The weight loss as a result of the flux evaporation increased with the increasing temperature.  
The rate of evaporation increased with the increasing Na2O content, while the effect of the 
CaO/SiO2 ratio on the flux evaporation rate was marginal. 
(2) The apparent activation energy Ea for the evaporation reaction decreased from 365 to 193 
kJ/mol when 6.2 wt% Na2O was added to the SiO2-CaO-Al2O3-B2O3 flux.  A further increase in 
the Na2O content to 9.1 wt% had a minor effect on Ea. 
(3) The high rate of evaporation of the SiO2-CaO-Al2O3-B2O3-Na2O system was attributed to the 
formation of highly volatile NaBO2. 
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Abstract 

Liquid copper was used as reference metal phase to equilibrate with CaO-SiO2-MgO and CaO-
SiO2-MnO-Al2O3-MgO slags under a controlled oxygen partial pressure ( Pa1076.1 6

O2

���p ) at 

1873K. Based on the activity of Mn in Cu-Mn melts, the activities of MnO in slags were 
determined. The activities of MnO in the two kinds of slags increase gradually with the 
increasing of MnO content. For the slags with the same MnO content, the activity of MnO in the 
ternary slags is smaller than that in the five components slags. Furthermore, according to the 
measured activities of MnO in slags, the conversion factor in the quadratic formalism based on 
regular solution model was corrected. And an expression was obtained; it can estimate the 
activities of MnO in the both slags satisfactorily. 
 

Introduction 
 
Twinning induced plasticity (TWIP) steels are one of the best choices for next generation 
automotive high strength steels due to its excellent mechanical properties. As the major alloying 
element, the concentration of manganese in TWIP steels is as high as 15wt. %-30wt. % [1-2]. 
From the perspective of economical producing of high manganese TWIP steels, the maximum 
use of manganese ore in the steelmaking process is more economic and reasonable. 
Consequently, it is of fundamental and practical importance to understand the thermodynamic 
behavior of MnO in the steelmaking slags, especially in the high MnO slags. 
 Concerning the thermodynamic activity of MnO in high MnO slags, some investigations can be 
found in the literatures [3-10], but the data in CaO-SiO2-MnO-Al2O3-MgO system are scarce. 
Therefore, in the present study, activities of MnO over a wide compositional range in the CaO-
SiO2-MnO and CaO-SiO2-MnO-Al2O3-MgO system at 1873K were determined experimentally. 
Furthermore, the applicability of the regular-solution model in these two systems was examined. 
 

Experimental and Principle 
 
The experimental setup is schematically shown in Figure 1. A resistance furnace with MoSi2 
heating element was used. An alumina tube was employed as the reaction chamber. A water-
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cooled quenching chamber was internally connected on the top of the reaction tube. The 
temperature of the sample was followed by a W-5%Re/W-26%Re thermocouple placed beneath 
the bottom of the crucible. Molybdenum crucible containing the sample was hung by 
molybdenum wire on the steel rod connected to a lifting system. The lifting unit could lift the 
sample very fast to the quenching chamber with 1-2 seconds. 
To start the experiment, 3g slag was placed above 5g copper in a molybdenum crucible (16.4mm 
ID, 18mm OD and 32mm height). After the whole system was carefully sealed, the reaction tube 
was evacuated using a vacuum pump and then filled with Ar. This procedure was repeated at 
least three times. Thereafter, the CO/CO2 gas mixture with volume ratio of 99 (oxygen partial 
pressure 1.76 10-6 Pa at 1873K) was introduced, the flow rate was maintained 40 ml/min until 
the experiment was finished. The furnace was heated up at a rate of 5K/min to the 1873K, and 
the slag equilibrated with liquid copper at 1873K for 20h before quenching.  
The quenched sample was taken out, and the slag was carefully separated from the solid copper. 
Then, the content of Mn in copper was analyzed by ICP-AES. The morphology of the quenched 
slag was examined by SEM and its composition was determined by EPMA. 

 

Figure 1 Schematic diagram of the experimental apparatus 

 

The reaction took place between slag and liquid copper can be expressed as Eq. (1). 
(MnO)(s)+CO(g)=[Mn](l)Cu +CO2 (g)                                                  (1) 

  �G1
� � �120 000�0.96T (J / mol)  [11]                                                  (2) 

�rG1
� � �RT ln

a[Mn] � (pCO2
/ p� )

a(MnO) � (pCO / p� )
                                                           (3) 

Where, parentheses and square bracket denote the component in slags and liquid copper, 
respectively. From Eq. (3), the activity of MnO in slags can be determined from Eq. (4) 

  a(MnO) � x[Mn] �	[Mn] � (pCO2
/ pCO ) �exp(�rG1

� / RT )                                    (4) 
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The activity coefficient of Mn in liquid copper, ]Mn[	 ,
 
have been reported in our previous paper 

[12]. And the relationship between 	[Mn]

 

and x[Mn] at 1873K can be expressed as Eq. (5). 

112.9)1(052.10ln 2
]Mn[]Mn[ 
���	 x                                               (5) 

Combining Eq. (4) and Eq. (5), the activity of MnO in slag can be determined by using the 
concentration of Mn in the liquid copper equilibrated with slag. 
 

Results and discussion 
 
1. MnO activity in slags 

In Figure 2, the typical microphotographs of slags of two different systems are presented. It can 
be seen that the slags investigated in the present study are single liquid phase at 1873K, which 
agrees well with the phase diagram. The compositions of the slags measured by EPMA are listed 
in Table I, the measured compositions are very close to the weighed-in compositions. 

               
Figure 2 SEM microphotography of slag samples quenched from 1873K 

 CaO-SiO2-MnO (1-2), CaO-SiO2-MnO-Al2O3-MgO (2-2) 

The concentrations of Mn in the Cu-Mn melts equilibrated with various slags, as well as the 
activities of MnO in slags calculated using Eq. (4) and Eq. (5), are listed together in Table I. 

 
Table I. Experimental Results and Activities of MnO in Slags 

Slag System 
Sample 

No. 

Compositions of slags and the Cu-Mn melts 

MnOa  Slags Mn in Cu 
(mass %) CaO SiO2 MnO Al2O3 MgO 

MnO-CaO-
SiO2 

1-1 38.22 50.36 11.42 - - 0.398 0.009 

1-2 32.52 46.82 20.66 - - 0.408 0.022 

1-3 27.11 41.55 31.34 - - 0.424 0.043 

1-4 21.96 37.22 40.82 - - 0.446 0.074 

1-5 16.79 33.31 49.90 - - 0.487 0.135 

1-6 12.24 30.39 57.37 - - 0.523 0.193 
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Table I continued. Experimental Results and Activities of MnO in Slags 

Slag System 
Sample 

No. 

Compositions of slags and the Cu-Mn melts 

MnOa  Slags Mn in Cu 
(mass %) CaO SiO2 MnO Al2O3 MgO 

MnO-CaO-
SiO2-Al2O3-

MgO 

2-1 31.91 38.82 6.48 17.74 5.05 0.088 0.010 

2-2 29.69 36.76 10.69 18.16 4.70 0.174 0.021 

2-3 23.81 30.45 21.36 19.77 4.61 0.340 0.042 

2-4 17.77 27.63 34.36 15.94 4.30 0.798 0.109 

2-5 11.89 23.42 43.85 16.60 4.24 1.253 0.190 

2-6 6.56 19.44 52.08 17.67 4.25 1.547 0.250 

From the activity data of MnO in slags shown in Table I, it can be seen obviously that the 
activity of MnO in both systems increase gradually with the increasing of MnO content in slags. 
Comparing the activities of MnO in the ternary system with that in the five components system, 
it can be found that the activities of MnO in CaO-SiO2-MnO-Al2O3-MgO slags are larger than 
those in CaO-SiO2-MnO slags. This indicates that the addition of Al2O3 and MgO to the CaO-
SiO2-MgO slags is beneficial to the increasing of MnO activity. 
 

2. Thermodynamic model of MnO activity in slags 

For the silicate melts that is not strictly regular solution, the activity coefficient of components 
can be approximately expressed with the Eq. (6):  

RT ln	 i � �ij x j
2 
 (�ij 
�ik �� jk )x j xk

k
�

j
� 
 I '

j
�                                     (6) 

where �ij

 

denote the interaction energy between the cation, i.e. (i cation)-O-(j cation), I '

 

is the 

conversion factor of activity coefficient between hypothetical regular solution and the real 
solution. And all the parameters of the interaction energy and the conversion factor can be found 
in the literature [13]. Then, the expression shown as Eq. (7) can be obtained to predict the activity 
coefficient of MnO in silicate melts. 

16496
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702902092033470

61920836807531092050lnRT
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                         (7) 

Using Eq. (7), the activities of MnO in the slags were calculated, and the calculated values were 
compared with the experimental results. It can be seen from Figure 3 that the calculated 
activities of MnO in the slags are larger than the experimental measured values. However, a 
good linear relationship exists between the calculated values and the experimental values. This 
implies that the quadratic formalism based on the regular solution model can predict the trend of 
activity coefficient of MnO in slags perfectly.  
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Figure 3 Comparison of MnO activities calculated by RS model ([Eq. 7]) with the measured values in CaO-

SiO2-MgO and CaO-SiO2-MnO-Al2O3-MgO slags at 1873K 

In order to make the quadratic formalism shown as Eq. (7) can estimate the activity of MnO in 
slags satisfactorily, the conversion factor, I ' , was corrected based on the measured activities of 
MnO in slags. Then, the expression shown as Eq. (8) was obtained.  
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By using the Eq. (8), the activities of MnO were calculated again and compared with the 
measured values. The new comparing result is present in Figure 4. In Figure 4, it can be seen 
clearly that the calculated values show good agreement with the measured values. 

 
Figure 4 Comparison of MnO activity calculated by modified RS model ([Eq. 8]) with measured data in CaO-

SiO2-MgO and CaO-SiO2-MnO-Al2O3-MgO slags at 1873K 
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Conclusions 
 
The activities of MnO in the liquid CaO-SiO2-MnO-Al2O3-MgO and CaO-SiO2-MgO slags were 
measured at 1873K by equilibrating the slags with Cu-Mn melts. The oxygen partial pressure of 
the reaction system was controlled using CO/CO2 gas mixture. The obtained results could be 
summarized as follows: 
1. The activity coefficients of manganese in Cu-Mn melts at 1873K could be expressed as: 

112.9)1(052.10ln 2
]Mn[]Mn[ 
���	 x  

2. For the CaO-SiO2-MnO-Al2O3-MgO and CaO-SiO2-MnO slags with the same MnO 
contents, the activity of MnO in the ternary system is smaller than that in the five 
components system. Therefore, the addition of Al2O3 and MgO to the CaO-SiO2-MgO slags 
is believed to increase the activity of MnO. 

3. The corrected quadratic formalism based on the regular solution model can estimate the 
activity of MnO in the slags satisfactorily. 
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Abstract 
 
As a fundamental study on properties of the FexO-bearing slags, the total electrical conductivity 
and electronic/ionic properties of FexO-SiO2-CaO-Al2O3 slags were measured at different 
oxygen potentials (controlled by CO-CO2 mixture gas) and temperatures by using four-electrode 
method. From experiments results, it can be seen that the total conductivity changes little as 
increasing the ratio of CO to CO2 (decreasing the oxygen potential), while the electronic and 
ionic conductivities of all slags decreases and increases monotonously, respectively. The 
temperature dependences of the total electrical conductivity, electronic, and ionic conductivities 
follow the Arrhenius law. It was also found that with increasing CaO/Al2O3 ratio, the total 
electrical conductivity and ionic conductivity firstly decrease and then increase, while electronic 
conductivity firstly almost keeps constant but then increases from CaO/Al2O3=1. The minimum 
values of the total electrical conductivity and ionic conductivity occurs near the ratio of 
CaO/Al2O3 = 1, which is mainly resulted from the charge compensation effect of Al3+ ions. 

 
Introduction 

The electrical conductivity of molten slag is not only an important physical property that plays 
a prominent role in modeling and operating the electric smelting furnace and optimizing the 
metallurgical process, but also important for understanding the structure of molten slags1-4. 
Indeed, many studies have been conducted on investigating the electrical conductivity of molten 
slags. For instance, the electrical conductivities of FexO-CaO-SiO2

5-7, FexO-CaO-MgO-SiO2
8, 

FexO-CaO-SiO2-Al2O3
9, NixO-CaO-SiO2

10, and NixO-CaO-MgO-SiO2
10 slags had been 

measured and reported in published literatures. Because for slag systems containing the 
transition metal oxides, the electrical conductivity includes two parts, ionic conductance and 
electronic conductance, both of which are very complicated functions of temperature and 
composition. Consequently, the estimations for both of them will be difficult. The FeOx 
containing slags are widely used and play significant roles in many pyrometallurgical processes, 
so more experimental studies should be done about them. The objective of this work was to 
study the electrical and electronic conductivity of FexO-CaO-SiO2-Al2O3 slags at various 
temperature and oxygen potentials which controlled by the ratio of CO2/CO, which will be 
beneficial for modeling and operating the electric smelting furnace. 

Experimental Procedure 
Table 1 shows the chemical composition for each sample. Three different categories of 

samples were prepared. In group A, contents of FeO and SiO2 were kept constant, while CaO 

                                                 
�*Corresponding author. Email: ghzhang_ustb@163.com 
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was gradually increased. It should be pointed out that C/A is defined as the mole fraction ratio of 
CaO to that of Al2O3. For groups B and C, SiO2 content was kept constant, while CaO content 
was gradually increased. Slag samples were prepared using reagent grade SiO2, Al2O3, CaCO3 
and Fe2O3 powder (all reagent are analytically pure, Sinopharm Chemical Reagent Co., Ltd, 
China), all of which were calcined at 1273 K for 10 h in a muffle furnace to decompose any 
carbonate and hydroxide before use. Pure FeO was obtained by calcining Fe and Fe2O3 powder 
in CO/CO2 atmosphere at 1373 K for 24 hours. Then about 12 g mixtures were precisely 
weighted according to the compositions shown in Table 1, and mixed in an agate mortar 
thoroughly. 

 
Table 1.  Composition of slag sample (mole percent). 

 FeO SiO2 CaO Al2O3 C/A 
   24 12 2 
Group A 20 44 20 16 1.25 
   16 20 0.8 
   12 40 0.5 
   40 5 8 
   35 10 3.5 
Group B  55 30 15 2 
   25 20 1.25 
   20 25 0.8 
   30 5 6 
Group C  65 25 10 2.5 
   20 15 4/3 
   15 20 0.75 

 
A four terminal method, which had already successfully used to measure the electrical 

conductivity of molten slags, was employed to accomplish the electrical conductivity 
measurements in this study. The descriptions of experimental principle and device have already 
been mentioned in our previous study11. During the whole heating process and the first two hours 
holding at the target temperature (1823K), the slag was exposed to CO2, and the flow rate of gas 
was controlled by a mass flowmeter. The input gas was varied from pure CO2 to CO2-CO mixed 
gas to control the oxygen partial pressure. For group A, the experimental measurements were 
carried out at every 50 K interval on cooling from 1823 K, and for group B and C, the resistance 
measurement was carried out at every 25 K interval on cooling from 1873 K. At each 
temperature, the slag was kept for 2 hours before measurement for the purpose of equilibrium 
and uniformity of slag.  

All the measurements were recorded using a CHI 660a electrochemical workstation (Shanghai 
Chenhua Instrument Co., Ltd.). The resistance was found to be independent of the frequency, 
over the range 0.5 kHz to 100 kHz. All of the measurements were carried out at 20 kHz. 

Results and Discussion 
1. Influence of temperature on electrical conductivity 

It is widely accepted that the temperature dependence of electrical conductivity can be 
expressed by the Arrhenius law as: 

 σ = A exp(-E/RT)     (1) 
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where σ is electrical conductivity, Ω-1cm-1; A is pre-exponent factor; E is activation energy, 
J/(mol•K); R is the gas constant, 8.314 J/(mol•K); T is the absolute temperature, K. Figures 1 to 
3 show the change of electrical conductivity as a function of temperature for group A slags, at 
CO/CO2 = 0.2. It can be seen from these figures, that the electrical conductivity increases by 
increasing the temperature, furthermore, the temperature dependence of electrical conductivity 
obeyed the Arrhenius law very well. 

 
Figure 1. Arrhenius plot of total electrical conductivity for group 

A slags when CO/CO2 = 0.2. 
 

 
Figure 2. Arrhenius plot of the ionic conductivity for group 

A slags when CO/CO2 = 0.2. 
 

 
Figure 3. Arrhenius plot of the electronic conductivity for group 

A slags when CO/CO2 = 0.2. 
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2. Influence of equilibrium oxygen potential on electrical conductivity 
The total electrical conductivity for group A slags at 1823 K as a function of CO/CO2 ratio is 

shown in Figure 4. As can be noted, the total conductivity changes little in the oxygen potential 
range of the present study. 

 
Figure 4. The total electrical conductivity of group A 

slags for different CO/CO2 ratio at 1823 K. 
 
The ionic conductivity for group A slags at 1823 K as a function of equilibrium CO/CO2 is 

shown in Figure 5. It is evident from figure 5 that the ionic conductivity of all group A slags 
increases with increasing the ratio of CO/CO2. From Eq. (2), it can be known that more and more 
ferric ion will replace ferrous ion with decreasing the CO/CO2 ratio (or increasing the oxygen 
potential). According to conclusions of Fontana et al.12, ferrous ion is the only iron ion that 
significantly contributes to the ionic conduction in iron-oxide-containing melts. The tendency of 
the ferric ion toward covalent binding with oxygen is strong enough to stimulate the formation of 
highly covalent anions (FeO4

5- or Fe2O5
4-) instead of an isolated Fe3+ cation, which will lead to 

greatly reduced mobility compared with ferrous ion. Therefore, the ionic conductivity of all slags 
increases with increasing the ratio of CO/CO2. 

 
5 2 2
4 24FeO 4Fe O 14O� � �	 � �     (2) 

 
Figure 5. The ionic conductivity of group A slags for 

different CO/CO2 ratio at 1823 K. 
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The effect of the CO/CO2 ratio on electronic conductivity for group A slags at 1823 K is 
shown in Figure 6. As can be noted, the electronic conductivity decreases with increasing the 
ratio of CO to CO2. According to the above results, it can be known that the ionic conductivity of 
all slags increases with increasing the ratio of CO to CO2, which leads to the little change of total 
conductivity as shown in Figure 7 

 
Figure 6. The electronic conductivity of group A slags 

for different CO/CO2 ratio at 1823 K. 
 

3. Influence of the ratio of CaO/Al2O3 on electrical conductivity 
The total electrical conductivity and electronic/ionic conductivity for group A slags with 

different ratios of CaO/Al2O3 at fixed FeO and SiO2 contents under the atmosphere of 
CO/CO2=0.2 at 1823 K are shown in Figure 7. As can be noted, by increasing CaO/Al2O3 ratio, 
the total electrical conductivity and ionic conductivity firstly decrease and then increase, while 
electronic conductivity firstly almost keeps constant but then increases from CaO/Al2O3=1. The 
minimum values of the total electrical conductivity and ionic conductivity occurs near the ratio 
of CaO/Al2O3 = 1. The electrical conductivity for group B and C slags with different ratios of 
CaO/Al2O3 at fixed SiO2 content at 1873 K are shown in Figure 8 and Figure 9, respectively. As 
the CaO/Al2O3 ratio increases, the electrical conductivity will decrease firstly and then increase. 
In other words, the electrical conductivity exhibits a minimum value with the change of 
CaO/Al2O3 ratio, which occurs near the ratio of CaO/Al2O3 equal to 1. 

 
Figure 7. The total electrical, electronic and ionic conductivities of group A 

slags for different CaO/Al2O3 ratio at 1823 K when CO/CO2 = 0.2. 
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Figure 8. The electrical conductivity of group B slags for the different 

CaO/Al2O3 ratio at 1873 K. 
 

 
Figure 9. The electrical conductivity of group C slags for 

the different CaO/Al2O3 ratio at 1873 K. 
 
For the Al2O3 bearing molten slag, when there are several basic oxides, there is a strict order 

for cations when charge compensating the Al3+ ions. In the present system, there are two basic 
oxides. The priority order for charge-compensation of Al3+ ions fulfills Ca2+ >Fe2+.13 In other 
words, when there is enough Ca2+, Fe2+ with a lower priority will not be used to charge 
compensate the Al3+ ion. Intuitively, Ca2+ mainly contributes ionic conductivity, while Fe2+/Fe3+ 
influence both electronic and ionic conductivities. In FeO-CaO-Al2O3-SiO2 system, there are two 
types of Ca2+ cations: One compensates Al3+ ion and the other forms nonbridging oxygen. Figure 
10 shows the schematic diagrams. The transport ability of the former type of cation is much 
weaker than that of the latter type of cation. In the case of x(CaO) < x(Al2O3), as increasing CaO 
content the degree of polymerization is enhanced which decreases ionic conductivity. Whereas, 
the increase of concentration of metal cations will have little influence on ionic/electrical 
conductivity because in this case most of the new added Ca2+ ion are used for charge 
compensators of Al3+ and have little mobile ability. In the case of x(CaO) > x(Al2O3), with the 
addition of CaO content, the degree of polymerization decreases and the concentration of metal 
cations increases, both of which will enhance the ionic conductivity.14,15 Therefore, there should 
be a minimum value for ionic conductivity near the ratio of CaO/Al2O3 = 1.  
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Figure 10. The schematic diagrams of tow type of Ca2+ ions. 

 
However, it has been pointed out that the electronic conductivity is determined by the 

concentration product of Fe2+ and Fe3+ ions.7 Therefore, the electronic conductivity will increase 
when the concentration of Fe3+ ion increases. It is known to us that the ratio of Fe3+ ion to total 
Fe ion is affected by temperature, oxygen potential and the basicity of the slag. When 
temperature and oxygen potential are kept constant, the proportion of Fe3+ ion increases as 
increasing the basicity, which can be seen easily from Eq. (3). In Eq. (3), O2- expresses the free 
oxygen ion. In the case of x(CaO) < x(Al2O3), almost all the CaO all used for charge 
compensation, the concentration of free oxygen ion O2- doesn’t have an equivalent increase as 
increasing CaO/Al2O3 ratio. Consequently, there is little change of Fe3+ ion concentration, so the 
electronic conductivity almost keeps constant. However, when x(CaO) > x(Al2O3), all the Al3+ 
ions are get compensation, so there will be an large increase of free oxygen ion as increasing 
CaO/Al2O3 ratio. Based on Eq. (3), the concentration of Fe3+ ion (highly covalent anion such as 
FeO4

5- is always formed instead of an isolated Fe3+ cation) will also increase which enhances the 
electronic conductivity. 

According to the above analyses, as increasing CaO/Al2O3 ratio, the ionic conductivity first 
decreases and then increases, while the electronic conductivity firstly almost keeps constant and 
then increases from CaO/Al2O3 = 1. Therefore, the total electrical conductivity also firstly 
decreases and then increases with the change of CaO/Al2O3 ratio, with the minimum value 
occurring near CaO/Al2O3 = 1. For CaO-SiO2-Al2O3 slags, the minimum value of electrical 
conductivity near CaO/Al2O3 = 1 is also resulted from the charge compensation effect of Al3+ 
ions. 

Conclusions 
The electrical conductivity of FexO-SiO2-CaO-Al2O3 slags was measured by a four-terminal 

technique. The results show that the temperature dependences of ionic, electronic and total 
conductivity for different compositions obey the Arrhenius law. The experimental results show 
that the total conductivity changes little as increasing the ratio of CO to CO2, while the electronic 
and ionic conductivities of all slags decreases and increases monotonously, respectively. With 
increasing CaO/Al2O3 ratio, the total electrical conductivity and ionic conductivity firstly 
decrease and then increase, while electronic conductivity firstly almost keeps constant but then 
increases from CaO/Al2O3=1. The minimum values of the total electrical conductivity and ionic 
conductivity occurs near the ratio of CaO/Al2O3 = 1, which is resulted from the charge 
compensation effect of Al3+ ion. 

Acknowledgements 
Thanks are given to the financial supports from the National Natural Science Foundation of 

China (51304018). 
 

1341



References 
1. S.C. Britten, U.B. Pal: “Solid-state amperometric sensor for theIn-situ monitoring of slag 

composition and transport properties”, Metallurgical and Materials Transactions B, 31 
(2000), 733-752. 

2. C.Y. Sun and X.M. Guo: “Electrical conductivity of MO(MO=FeO, NiO)-containing CaO-
MgO-SiO2-Al2O3 slag with low basicity”, Transactions of Nonferrous Metals Society of 
China, 21 (2011), 1648-1654. 

3. S. Jahanshahi, S. Sun and L. Zhang: “Recent Developments in Physicochemical 
Characterization and Modelling of Ferroalloy Slag Systems”, Journal of the Southern 
African Institute of Mining and Metallurgy, 2004, 316-332. 

4. Y. Li and I.P. Ratchev: “Rate of interfacial reaction between molten CaO-SiO2-Al2O3-FexO 
and CO-CO2”Metallurgical and Materials Transactions B, 33B (2002), 651-660. 

5. K. Narita, T. Onoye, T. Ishll and K. Uemura: “ Electric conductivity of CaO-SiO2-FetO 
slag”, ISIJ International, 61 (1975), 2943. 

6. T. Hoster and J.P. Essen: “The electric conductivity of FeO-containing CaO-Al2O3-SiO2 
slags with basicities 1.5 at 1450 to 1650 ” Archiv Eisenhuttenwes, 54 (1983), 389-394. 

7. M. Barati and K.S. Coley: Electrical and electronic conductivity of CaO-SiO2-FeOx slags 
at various oxygen potentials: Part I. Experimental results Metallurgical and Materials 
Transactions B, 37 (2006), 41-49. 

8. L. Bobok, L. Bodnar and J. Schmiedl: Specific electric conductivity of FeO-SiO2-X slag 
systems Hutnicke Listy, 37 (1982), 419-425. 

9. S.N. Shin, S.A. Lyamkin, R.I. Gulyaeva and V.M. Chumarev: Electrical conductivity of 
melts FeOx-Al2O3-CaO-SiO2 system , Rasplavy, 5 (1998), 20-24. 

10. M. Kawahara, K.J. Morinaga and T. Yanagase: “Behavior of MgO and NiO in Molten 
Slags”, Canadian Metallurgical Quarterly, 22 (1983), 143-147. 

11. J.H. Liu, G.H. Zhang, and K.C. Chou: “Study on Electrical Conductivity of CaO-SiO2-Al2O3 
slags”, Canadian Metallurgical Quarterly, 54 (2015), 170-176. 

12. A. Fontana, K. Segers, K. Twite and R. Winand: “Electrical conductivity of ferrous silicate 
melts from slag cleaning operations”, The Metallurgical Society/AIME, 1984, 84-93. 

13. G.H. Zhang, K.C. Chou and K. Mills: “A Structurally Based Viscosity Model for Oxide 
Melts”, Metallurgical and Materials Transactions B, 45B (2014), 698-706. 

14. G.H. Zhang and K.C. Chou: “Measuring and Modeling Viscosity of CaO-Al2O3-SiO2(-K2O) 
Melt”, Metallurgical and Materials Transactions B, 43 (2012), 841-848. 

15.G.H. Zhang, B.J. Yan, K.C. Chou and F.S. Li: “Relation Between Viscosity and Electrical 
Conductivity of Silicate Melts”, Metallurgical and Materials Transactions B, 42 (2011), 261-
264. 

 

1342



THE DISTRIBUTION RULES OF ELEMENT AND COMPOUND OF 
COBALT/IRON/COPPER IN THE CONVERTER SLAG OF COPPER 

SMELTING PROCESS 

 
Hongxu Li1,2, Ke Du1,2, Shi Sun1,2, Jiaqi Fan1,2, Chao Li1,2 

 
1 School of metallurgical and ecological engineering, University of science and technology, 30# 

Xueyuan Road, Beijing, 100083, China 
2The Beijing Key Laboratory of Recycling and Extraction of Metals (REM), University of 

science and technology, 30# Xueyuan Road, 100083, Beijing China 
 

Keywords: converter slag, distribution rule, isomorphism, mineralogy 
 

Abstract 
 
In ISA copper smelting process, recovery Co from the converter slag usually through reduction 
and vulcanization method. While Co usually exists in fayalite and iron oxide, in the form of 
isomorphism-phase by replace of Fe. By analyses different micro areas of the converter slag 
using SEM and EDS, the distribution trends of Fe and Co, Cu and Co were acquired. The results 
indicate that the percentage of compositions of Fe and Co present positive correlation, while 
those of Cu and Co present negative correlation. According to the distribution trends, the 
distribution curves of Fe ~ Co and Cu ~ Co are fitted, and the mechanism has been studied based 
on the oxidation order of the three metal sulfide as FeS > CoS > Cu2S, and the similarity of the 
element property of Cu and Co such as atom outer shell electron distribution and ionic radius, 
which will provide necessary theoretical reference for effective recovery of cobalt by reduction 
smelting process. 
 

Introduction 
 
The ISA smelting has become a very widely applied process in copper smelters in the world 
these years. The content of cobalt in the burden of ISA furnace is 0.1~0.4%, and based on the 
calculation during ISA smelting, about 60% cobalt comes into matte, and goes to converting 
process with matte; in converting process, about 50% cobalt comes into converter slag, whose 
content of cobalt reaches 0.8~2.5%. In converting process, almost all the iron, cobalt and several 
amount of copper is oxidized coming into the converter slag, and generates compounds with 
gangue which have complex composition and structure, while the distribution rules of Fe~Co 
and Cu~Co appeal to be different. Commonly, the recovery of Co from converter slag is through 
reduction and vulcanization method, based on which moderate vulcanizing agent is added with 
the reducing agent to guarantee the reduced metal Fe, Cu and Co can easily dissolved in matte 
forming Fe-Cu-Co alloy; and next, the system cooling process is choose to guarantee the 
nucleation and growth of the alloy crystal; at last, the matte is crushed and Co is separated and 
recovered by magnetic separation and hydrometallurgy method. Through the reduction and 
vulcanization method, the recovery rate of Co is able to reach 95%. 
Cobalt is a kind of significant strategic metal, which has excellent physical and chemical 
performance and mechanical property, and whose minerals and compounds have a wide range of 
applications in material field such as ceramics, glass, and enamel etc. In the late 20th century, 
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cobalt and its alloy began to be widely used in areas of machine, chemical industry, aeronautics 
and astronautics etc., the consumption of which rises every year. Therefore the high amount of 
cobalt in the converter slag has a high recovery value [1-3], and grasping the distribution rules 
among iron, copper and cobalt will definitely contribute to the recovery of cobalt.  

 

Composition and distribution rules of Fe/Cu/Co in the converter slag 
 
The elements composition of the converter slag sample 
The result of the chemical analysis of the converter slag samples provided by Chambishi Copper 
Smelter LTD (CCS) is shown in Table I.  
 

Table I. The content of the main elements in the converter slag samples /% 
 Si S Cu Co Fe 

Converter slag sample 1 8.54 0.65 8.56 2.84 48.55 
Converter slag sample 2 10.03 0.58 8.76 1.97 48.97 

Average 9.29 0.62 8.66 2.41 48.76 
 

From Table I we know that the converter slag samples have very high content of cobalt which 
can reach 2.41%, besides, iron and copper also have relatively high contents, which are 48.76% 
and 8.66%.The result of the XRD analysis of the converter slag sample is shown in Figure 1. 
 

 

Figure 1. The XRD spectrum diagram of the converter slag sample 
 
As shown in Figure 1, in the converter slag, iron, copper and cobalt can combine with each other 
generating complex compounds. As for iron, it is not only able to generate iron oxide and 
fayalite, but also to generate CuFe2O4 and CoFe2O4 with copper and cobalt; while copper has not 
generated compound with cobalt.  
 
The correlation of iron, copper and cobalt in the slag 
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The SEM energy spectrum analysis is conducted upon the converter slag sample to analyze the 
composition of the 38 selected micro areas, the images and date obtained from the test are shown 
in Figure 2 and Table II respectively. 

 

 

 
Figure 2. The SEM image of the converter slag sample 

 
Table II. The composition of the 38 selected micro areas of the converter slag sample /% 
 Fe Cu Co Si O S 

1 75.53 1.06 5.3 0.87 19.93 0.35 
2 54.44 6.05 2.31 10.67 23.01 2.9 
3 43.9 8.87 1.58 12.24 27.34 4.22 
4 21.61 49.62 0.65 3.37 8.74 15.56 
5 60.38 1.19 2.59 10.73 24.01 0.66 

6 52.89 4.93 2.81 10.92 24.62 3.5 
7 69.66 3.03 3.98 1.26 21.95 1.12 
8 56.61 2.51 2.57 11.71 24.7 1.37 
9 83.69 6 5.05 1.47 2.89 0 

10 76.6 8.31 6.01 3.85 6.39 1.81 

11 45.6 9.9 1.08 8.76 20.75 12.59 

12 49.27 0.74 1.35 15.69 31.79 0.16 
13 12.75 59.12 0.45 2.28 8.47 16.5 

14 15.07 52.67 0.91 3.24 6.79 10.24 

15 7.95 61.04 0.4 2.36 9.11 17.05 

16 58.11 1.19 2.28 13.63 24.17 0.31 
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Continued from Table II 

 Fe Cu Co Si O S 
17 50.98 0.94 1.85 14.14 30.3 0.36 
18 55.33 1.29 3.56 13.8 25.21 0.55 
19 49.21 2.1 1.66 13.72 30.77 1.26 

20 12.8 62.25 0.33 2.32 7.93 13.65 

21 69.72 0.69 3.64 0.83 25.63 0 
22 53.45 2.41 3.66 13.7 25.6 0.97 
23 29.83 31.22 1.5 8.08 19.92 8.71 
24 33.01 44.13 1.17 2.02 6.44 6.97 
25 24.45 39.65 1.04 6.5 18.29 9.68 
26 60.07 3.43 1.59 6.15 25.8 1.2 

27 61.37 2.96 2.36 10.82 19.92 1.65 
28 51.85 8.71 1.24 9.78 23.65 3.62 

29 66.41 7.4 3.45 8.8 10.99 1.42 

30 49.11 2.49 1.02 14.64 30.27 1.22 
31 51.26 2.57 2.64 14.64 27.19 1.41 
32 53.02 0 2.02 15.67 28.53 0 
33 47.52 2.1 1.01 18.62 24.17 1.14 
34 51.1 1.72 1.11 15.39 28.44 0.65 

35 52.53 1.25 1.25 14.14 29.28 0.29 
36 52.11 1.9 3.9 10.93 28.65 1.54 
37 74.8 1.01 7.01 1.27 20.3 0.3 
38 71.59 6.6 6.6 4.24 12.56 1.22 

Average 50.147 13.291 2.393 8.770 20.645 3.846 
 

As shown in Figure 2 and Table II, the main compositions of the slag are iron oxide and fayalite 
which distributed widely appearing masses and plates; the distribution of Co is dispersive and the 
independent cobalt phase has not been observed, and in the areas such as 13, 14, 20, which has 
high content of Cu, the content of Co is low relatively. In the areas of 18, 22, 24, 29, 36 and 38, 
the contents of Fe, Co and O are relatively high, while that of Si is low, which indicates that the 
cobalt exists in the iron oxide phase in above areas; in the areas of 17, 18, 22 and 31, the contents 
of Fe, Co and Si are relatively high, and that of O is moderate, which indicates that the cobalt 
exists in the fayalite phase in above areas. The tendency of the distribution correlation of Fe~Co 
and Cu~Co are shown in Figure 3. 
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(a)                                   (b)  

Figure 3. The distribution correlation of Fe~Co (a) and Cu~Co (b) in the slag 
 

 
Figure 4. The surface distributions of Fe, Co and Cu in the converter slag sample 

 
The Figure3 (a) and (b) clearly show that the distributions of iron and cobalt present positive 
correlation, the content of cobalt rises as that of iron rises, which indicates cobalt is liable to 
gather with iron in iron oxide and fayalite; while the distributions of copper and cobalt present 
negative correlation: after the point of 10% content of Cu, the content of cobalt falls with that of 
copper rises, which is because the gradually reducing iron reduces the content of cobalt gathering 
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with iron. The result of the SEM Surface scanning of the converter slag sample is shown in 
Figure 4, which further confirms the similarity of the distribution of iron and cobalt and the 
difference between that of copper and cobalt. 

 
The mechanism of Fe/Cu/Co mineralogy formation during converting 

 
The oxidation order of the sulfide of iron, copper and cobalt in converting process  
There are two stages in the converting of matte, which are slag making stage and copper making 
stage. In the stage of slag making, almost all the iron and a part amount of sulfur in the matte are 
oxidized, and the iron oxide comes into the slag combining with SiO2 from gangue and flux; In 
the stage of copper making, part amount of the Cu+ is oxidized to Cu2+, and the following cross 
reaction of them occurs, which generates Cu. In the converting process, almost all the FeS, CoS 
and a little amount of Cu2S are oxidized to oxide coming into the converter slag, the related 
reactions are shown below [4-6]. 
 

2/3FeS + O2 = 2/3FeO + 2/3SO2      �G� = -303340 - 5.27T J/mol       (1) 
2/3Cu2S + O2 = 2/3Cu2O + 2/3SO2    �G� = -268190 + 81.17T J/mol     (2) 
2/3CoS + O2 = 2/3CoO + 2/3SO2     �G� = -299217 +51.52T J/mol      (3) 

 
The reactions above are all based on 1mol O2, from which the trends of the reactions can be 
compared. The relationship of �G�-T of reaction (1) is minimum, (3) is moderate, and (2) is 
maximum, which indicates FeS is the most liable to be oxidized, and the next is CoS and Cu2S. 
In fact, even if the Cu2S and CoS are oxidized to Cu2O and CoO, their oxide will also be reduced 
by FeS if there is FeS remaining; at the same time, the reaction of Cu2O and CoS can occur 
which generate CoO and Cu2S. The reactions related are shown below [7-8]. 
 

  CoO + FeS = FeO + CoS          �G� = -37978 + 8.87T J/mol         (4) 
Cu2O + FeS = Cu2S + FeO         �G� = -105440 + 85.48T J/mol       (5) 
Cu2O + CoS = Cu2S + CoO        �G� = -31027 – 29.65T J/mol        (6)  

 
As the reactions show, in the stage of slag making, iron is firstly oxidized, cobalt is oxidized 
gradually with the rise of oxidation potential and almost all the cobalt comes into the slag when 
close to the end-point of converting process. And when in the stage of copper making, only a 
little amount of copper oxide enters the slag. The metal oxides combine and generate complex 
compounds with gangue and flux in the slag. In fact, the slag loss of copper also includes 
physical loss, namely some matte particles mixed in the slag which have little sizes, and are not 
liable to gather and settle. The amount of physical loss is roughly equal to that of the chemical 
loss. 
 
The mechanism of isomorphism in the gathering of iron and cobalt 
In nature, cobalt exists in forms of compounds and isomorphism which have different crystal 
chemical properties in cobalt minerals. The compounds mainly exist in sulfide, arsenide, selenide 
and etc., such as linnaeite and smaltite. And the isomorphous cobalt optionally enters the lattice 
of oxide and saline material as the accessory constituent of carrier mineral [9-10]. For instance, 
cobalt usually replaces the iron existing in fayalite and iron oxide as isomorphism in the 
converter slag. Cobalt belongs to the first transitional element, and has similar properties with 
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iron which both have the transitivity of oxyphile and sulfophile. Some element parameters of 
iron and cobalt are shown in Table III.  

 
Table III. Element parameters of iron and cobalt 

 Fe Co 
Atomic weight 55.85 58.93 

Atomic volume(cm3• -1) 7.1 7.1 
Atomic number 26 27 
Element period 4 3 
Element group   

Outer shell electron distribution 3d64S2 3d74S2 
Crystal texture face-centered cubic, body-centered cubic face-centered cubic 

Valence +6 +3 +2 +3 +2 
High spin radius of divalent ion 0.76 0.75 
Low spin radius of divalent ion 0.64 0.65 

 
The Table III shows the very similar element parameters of iron and cobalt which necessarily 
have very similar properties. Especially, the outer shell electron distribution of iron is 3d64S2, 
and that of cobalt is 3d74S2 which are exactly similar and based on which they are both liable to 
lose their two outermost electrons to generate divalent ion; in addition, (R2 - R1) R2 = 0%~6.6% 
< 10%~15% (the R2 is the bigger radius, R1 is the smaller radius), which indicates the two ions 
have nearly equal radiuses. Therefore, the similarity of element properties determines cobalt is 
liable to replace the iron as isomorphism which exists in different kinds of iron oxide and iron 
silicate, and their compositions have infinite solubility [11-13]. In fact, the content of cobalt 
existing in the form of compounds in different minerals is just a few percent of the total content 
of cobalt on earth, and most of cobalt exists freely as isomorphism in different kinds of dark iron 
silicate (pyroxene, hornblende, and biotite etc.) and magnetite. Moreover, cobalt is also able to 
enter in the ores of sulfide, arsenide, selenide and telluride containing iron as isomorphism, such 
as pyrite (FeS2), chalcopyrite (CuFeS2), arsenopyrite (FeAsS), symplesite (FeAs2), achavalite 
(FeSe2) and durdenite (FeTe2) etc., whose contents of cobalt are all in the scope of 0.n~1, and 
which can be exploited as the main cobalt deposits[14]. The above distribution rules and their 
mechanism will provide necessary theoretical reference for the effective recovery of cobalt. For 
instance, cobalt replaces iron as isomorphism, therefore in the reduction smelting process, the 
system temperature must be high enough which is above 1623K to break the Fe-O and Co-O 
bond and release Co as much as possible; the reduction order is Cu > Co > Fe, therefore the 
amount of reducing agent must be enough to guarantee the total recovery of Cu and the very low 
content of Fe in the slag, which will insure the high reduction rate of Co. 

 
Conclusion 

 
The converter slag samples provided by CCS have very high content of cobalt which can reach 
2.41%. In the samples, iron is not only able to generate iron oxide and fayalite, but also to 
generate CuFe2O4 and CoFe2O4 with copper and cobalt; while copper cannot generate compound 
with cobalt. The distribution rules are acquired by the analysis of the composition of the 38 
selected micro areas of the slag, which is that the distributions of iron and cobalt present positive 
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correlation, and that of copper and cobalt present negative correlation, and which indicates cobalt 
is liable to gather with iron in iron oxide and fayalite. In the converting process, almost all the FeS, 
CoS and a little amount of Cu2S are oxidized coming into the slag, and the oxidation order is FeS > 
CoS > Cu2S; the slag loss of copper also includes physical loss, whose amount is roughly equal to 
that of the chemical loss. The similarity of element properties such as outer shell electron 
distribution and ionic radius determines cobalt is liable to replace the iron as isomorphism which 
exists in different kinds of iron oxide and iron silicate. For the effective recovery of cobalt, the 
system temperature must high enough which is above 1623K, and amount of reducing agent must be 
enough to guarantee the high reduction rate of Co. 
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Abstract 
 

Based on the placement of lead and its consumption in industry branches, the paper deals with 
the composition of lead in the ores of Kopaonik, grinding and flotation recovery of galena. In the 
flotation process, the flotation machine, the flotation reagents, chemical composition of the 
flotation concentrates and tailings were discussed in this paper. Verification of the chemical 
composition of Pb concentrates with Pb, Zn, and Ag, etc. was conducted in this study. It is 
special that the ratio of Pb to Zn in Kopaonik massive composition is 1.4:1.0. During the 
flotation, lead tends to float with concentrate more than allowed. In this investigation, effects 
have been made to minimize the loss of Pb to concentrates. This paper as such gave the first 
effects in optimizing of these parameters with positive effects in the flotation process in Trepca. 
 

1. Introduction 
 

The management of lead concentrates grade, quantity of lead in Pb and Zn concentrates, and Pb 
recovery in the flotation process in "Stan Terg", is especially important. The process is necessary 
in recovering lead in technological processes though it is complicated. This paper discusses the 
flotation setup, flotation reagents and the operation parameters. In flotation process, the chemical 
composition of the sulfide mineral is: 3.17% Pb  3.85%, 2.26% Zn  2.54%, and 51.6g/t 

Ag. 59.2g/t. As such the use of selective flotation process is preferred for enrichment. Lead 
composition in tailing and tailing losses is complex and depends on many factors. Managing of 
Pb concentrate quantity and tailings of lead is subject of study in this paper, which refers to 
technological parameters of flotation process. The parameters that influence the lead loses to 
tailing are: load balance, temperature, grinding and chemical composition of flotation feed. 
Industrial process of flotation analyses, chemical analyses of flotation products during 
beneficiation of lead concentrates to achieve technological and economical benefits. 
 
                                                          2. Fundamentals 
 
2.1 Froth Flotation  
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Froth flotation has become the dominant process to concentrate valuable minerals from low 
grade and complex ores, which would be worthless without flotation. Mineral particle froth 
flotation is based on differences in the ability of air bubbles to selectively attach to specific 
hydrophobic mineral surfaces in the slurry (as schematically shown in Figure 1). The particles 
with attached air bubbles are then carried to the pulp surface and removed, while the particles 
with hydrophilic surface won’t attach to bubbles and stay in the liquid phase. In Figure 1, the 
rotor draws slurry through the stator and expels it to the sides, creating a suction that draws air 
down the shaft of the stator. The air is then dispersed as bubbles through the slurry, and comes in 
contact with particles in the slurry.  
 

 
Figure 1. Schematic of a conventional cell flotation.  

 
Froth flotation can be adapted to a broad range of mineral separations, as it is possible to use 
chemical treatments to selectively alter mineral surfaces so that they have the necessary 
properties for the separation. It is particularly useful for processing fine-grained ores that are not 
amenable to conventional gravity concentration. 
                                                               
2.2 Reagents 
 
Collectors and frothers are generally needed to adjust the relative hydrophobicities of the mineral 
particles, and to maintain the proper froth characteristics, respectively. Athough there are many 
individual collectors for sulfide minerals, the most common collectors are the sulfhydryl 
collectors, such as the various xanthates and dithiophosphates. Xanthates are most commonly 
used. Xanthates are highly selective collectors for sulfide minerals, as they chemically react with 
the sulfide surfaces and do not have any affinity for the common non-sulfide gangue minerals. 
Figure 2 shows the structure of a typical xanthate collector (ethyl xanthate). The OCSS- group 
attaches irreversibly to the sulfide mineral surface. Using xanthates with longer hydrocarbon 
chains tends to increase the degree of hydrophobicity when they adsorb onto the surface. 
 
 

 

Air Air
Rotor Shaft

Stator
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Rotor
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Figure 2. Structure of a typical xanthate collector (ethyl xanthate). 
 
Other highly-selective collectors for use with sulfide minerals, such as dithiophosphates, have 
somewhat different adsorption behavior and so can be used for some separations that are difficult 
using xanthates. The first choice of frother is alcohol type frother.   
 
 
                                               3. The Management of Lead Mineral Resources  
 
Table 1 shows the chemical composition of six lead ores in Kopaunik Massif’s place resources. 
It can be seen from Table I that the composite lead ore resources contain Pb and a significant 
quantity of Zn. These ores also contain Ag, Au, Cu, and Bi, etc.  
 

Table I. Chemical Composition of Lead Ores in Kopaunik Massif. 
Type of Ores  Pb(%) Zn(%) Ag(g/t) Fe(%) Cu(%) S(%) SiO2(%) 

1 5.5 13.0 - 9.4 - - 18.0 
2 8.5 13.8 - 1.8 1.0 - 20.0 
3 6.0 13.1 - - - 16.0 19.0 
4 4.0 2.8 60 - - - - 
5 2.8 2.1 51 - - - - 
6 3.7 2.4 52 - - - - 

 
Trepca's mine has the ore capacity of from 500,000 up to 650,000 tons a year. This mine has 
three wells developed in 12 horizons with modern infrastructure based on contemporary 
underground mining model, as well as with modern methods of filling,  
 
3.1 Galena Reserves   
 
Table II presents the quantity of lead and ore in metallurgical belt of Trepca. Place resources of 
lead in Kosovo lie in the so-called metallurgical belt of Trepca, which is situated in the northeast 
of Kosovo starting from Leposavic to Gjilan. Length of the belt is over 80km and average width 
of it is 30km. 
 

Table II Galena Ore Reserves  
 
 
 
 
 

Resource Locations Ores(ton) Pb(%) Pb metal(ton) 
Stan Terg 35,081,000 3.85 1,349,579 

Cerrnac BBGom   7,544,227 6.85   516,645 
ArtanesCB complex 16,837,227 4.67   749,354 
Total 58,662,569 4.46 2,615,578 
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3.2 Flotation Process 
 
The ore from Stan Terg mine is carried by train to flotation plant. The following three processing 
stages are included before flotation process:1) grinding; 2)classification of sizes, and 3) 
conditioning. Flotation process of minerals is based on physical-chemical attributes of each 
mineral phase and their interaction laws. The basic goal of the flotation process is selective 
separation of useful compounds from the others. Bubbles/aggregate of bubbles and mineral 
particles has a smaller density than slurry, rise to the surface of pulp and form the floated 
product. Air bubbles are possible to interact with the mineral particles with hydrophobic surface 
which is created by reagents used in flotation process. Table III shows the reagents with dosages 
used in the flotation process. 
 

Table III. Reagents Used in Flotation of Lead Ore 
Reagents Dosage (g/t) 

Frother 12-120 
Collectors 20-1,200 

Carbohydrate Oil 500-2,500 
pH Regulators 550-5,000 

Activators 250-1,000 
Depressants 250-500 
Deactivators 25-250 

 
Base and controlling flotation is done in pneumatic machines with "Denver" impeller type. In 
series are established 12 cells, each cell has a volume V=2.83m3. Scavenger flotation is done in 
mechanical machines with impeller and air. The machine has 14 cells, each cell has a volume 
V=1.1m3. Dense mass 0.074 μm as digestion is dosed in base flotation in the machine with 12 
cells, and floated product is carried to machine number 8 of digestion flotation. While the 
flotation tailing is carried to entrance of controlling flotation for reflotation. The controlling 
flotation product is managed as follows: Quantity of first 6 cells is carried in cell number 4 of 
digestion flotation as final product (concentrate), while the product of 6 other cells of controlling 
flotation is returned in conditioner. Whereas the low mass of 6 cells of controlling flotation, goes 
as sterile. 
 
                                                        4. Experimentals and Results 
 
4.1 Mathematical Models for Evaluating Flotation Performances 
 
There is no universal method for expressing the effectiveness of a separation, but there are 
several methods that are useful for examining froth flotation processes: 
 
(a) Ratio of Concentration: the weight of the feed relative to the weight of the concentrate. The 
ratio of concentration is F/C, where F is the total weight of the feed and C is the total weight of 
concentrate. While this data is available in laboratory experiments, in the plant it is likely that the 
ore is not weighed and only assays will be available. However, it is possible to express the ratio 
of concentration in terms of ore assays. Starting with the mass balance equations, and the 
definition of the ratio of concentration: 
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                                                                    F = C + T                                                           (1) 

 
                                                                   Ff = Cc + Tt                                                         (2) 

 
where F, C, and T are the % weights of the feed, concentrate, and tailings, respectively; and f, c, 
and t are the assays of the feed, concentrate, and tailings. After eliminating T from these 
equations, the ratio of concentration(F/C) can be obtained:   
 
                                                                   F/C = (c – t)/(f – t)                                                   (3) 
 
(b) Metal Recovery (%): percentage of the metal in the original feed that is recovered in the 
concentrate. This can be calculated using weights and assays. The % metal recovery can be 
calculated from assays alone using:  
 
                                              Metal Recovery (%) =100(c/f)(f – t)/(c –t)                                    (4) 
 
(c) Metal Loss (%): the opposite of the % metal recovery, and represents the material lost to the 
tailings. It can be calculated simply by subtracting the % metal recovery from 100%: 
 
                                               Metal Loss (%)=100% – Metal Recovery (%)                            (5) 
 
(d) Mass(Weight) Recovery (%):  essentially the inverse of the ratio of concentration, and 
equals:  
 
                                              Mass Recovery (%)=100·C/F = 100·(f – t)/(c – t)                       (6) 
  
(e) Enrichment Ratio: calculated directly from assays as c/f. 
 
4.2 Main Parameters and Flotation Performances Evaluation Results  
 
Table IV shows the main parameters of lead flotation in “Trepca” Company. Using the models 
described above, the flotation performances evaluation results are shown in Tables V-VI and 
Figures 3 and 4.  
 

Table IV. Main Parameters of Lead Flotation in "Trepca" company 
Parameters Unit Alt. I 

Sampling Date: 
06/18/2013 

Alt. II 
Sampling 

Date: 
06/19/2013 

Alt. III 
Sampling (Artanes 

Ore) Date: 
06/20/2013 

Flotation Feed Rate t/h 150 150 150 
Feed Pb Grade % 3.17 3.17 4.67 

Concentrate Pb Grade % 75.3 73.6 74.4 
Tailing Pb Grade % 0.29 0.14 0.29 
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Table V. Flotation Performances Evaluation Results  
Tests Quantity of 

Pb in mineral 
t h-1 

Quantity of 
Pb 

concentrate 
t h-1 

Quantity of Pb, in 
Pb concentrate 

t h-1 

Quantity of Pb in losses 
t h-1 

Alt.I 4.753 5.7993 4.366 0.389 
Alt.II 4.753 6.207 4.568 0.167 
Alt.III 7.005 8.865 6.595 0.47 

  
 

 
 

Figure 3. Quantity of Pb in mineral, Pb concentrate, Pb in concentrate and Pb quantity in losses.  
 

Table VI. Pb and Mineral Enrichment. 
Tests Mineral enrichment % Pb enrichment % 
Alt. I 23.753 23.752 
Alt. II 23.217 23.217 
Alt. III 15.931 15.931 

 

 
Figure 4. Pb and mineral enrichment.                                                 
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5. Ag Quantity in Lead Minerals. 
 
“Trepca” sulfur minerals(Pb-Zn) are rich with precious metals. Table VII shows the chemical 
analysis results of some samples in the laboratory of Trepca's company(Date: 06/19/2014).  
 

Table VII. Ag Quantity in Lead Minerals 
Sample Shift Quantity g t-1 

1 1 11.38 
2 2 38.50 
3 3 16.67 

 
Ag quantity in mineral can be calculated with mathematical expression. 

                                                CAg = F x   g t-1 Agmineral                                                     (8) 
 

Ag quantity for the first sample is: 
 

CAg = 150 t h-1 x 11.38g t-1 = 1.707 kg h-1   
 

Ag quantity for the second sample is:  
 

CAg = 150 t h-1 x 38.50 g t-1= 57.750 kg h-1 
 
Ag quantity for the third sample is: 
 

 CAg = 150 t h-1 x 16.67 g t-1=25.005  kg h-1 
                                                            

6. Results Discussion 
 
The main flotation process parameters have been investigated in the industrial scale flotation 
tests in "Trepca". It can be seen from the tests of Alt. I and II with the treated Pb mineral of 
3.17%Pb that: 

a) Quantity of Pb in mineral is 4.755 t/h. 
b) Quantity of Pb concentrate and quantity of Pb in Pb concentrate for Alt. II has an increase 

with value C= 0.4053 t/h, while Pb quantity in Pb concentrate has an increase with vlaue 
CPb = 0.202 t/h. 

c) Quantity of Pb losses for Alt. II has a decrease with value of 0.222 t/h. 
d) Mineral enrichment for Alt. II has a decrease with value of 0.536 t/h. 
e) Loses weight for Alt. II has a decrease with value 0.407 t/h. 
f) Pb enrichment during the flotation process in Alt. II has a decrease with value 0.535%. 

 
In flotation test of Alt. III, the flotation feed from Artana contained 4.67 % Pb. The industrial 
scale flotation test results in "Trepca" and laboratory analysis showed that:  

a) Pb enrichment during the flotation process in Alt. II has a decrease with value 0.535%. 
b) Quantity of Pb concentrate and quantity of Pb in Pb concentrate increases with average 

value C = 2.961 t/h and CPb = 2.192 t/h. 
c) Quantity of Pb in losses increases with average value Closses = 0.8455 t h-1  
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d) Enrichment of Pb during flotation test Alt. III has a decrease with average value of 
enrichment Pb =7.5315 %. These parameters of technological flotation process identify a 
good management and a not good management of flotation process of Pb mineral in 
"Trepca". 

                                                              
                                                                 7. Conclusions 
 
Based in industrial process tests of flotation and in calculation results, it can be concluded that all 
the balance positions of lead concentrate are variable. To minimize the loss of lead to tailings, 
the flotation parameters should be optimized.  
 
The flotation process in the test of Alt. II has a decrease of Pb quantity that lost to tailings. In 
Test of Alt. III, the flotation feed contained 4.67%Pb. Quantity of mineral and main parameters 
of flotation process as grinding, conditioning, pH and drying are the same as in Alt. I, and II. Pb 
quantity dosed in flotation process with mineral is 7.005 t/h which is higher than those in Alt. I, 
II for 2.25 t/h. Quantity of Pb concentrate has an increase with average value 2.851 t/h toward 
Alt. I, and II. Quantity of Pb in losses as an increase with average value 0.192 t/h, a quantity that 
has a bad impact on economical sustainability in flotation processes in Trepca. 
 
Based on laboratory assays and graphic analysis, the losses of lead in tailings with the values 
from 0.167 t/h to 0.471 t/h is a crucial parameter for managerial quality of flotation process in 
Trepca. 
 

7. References 
 
1. S.K. Kawatra and T.C. Eisele, (1992) “Recovery of Pyrite in Coal Flotation: Entrainment or 
Hydrophobicity?” Minerals and Metallurgical Processing, 9(2) (1992), 57-61. 
2. A. HAXHIAJ, D. ELEZI, S. SHKOLOLLI, “Mjedisi dhe menaxhimi i gazrave termike në 
zonën e parangrohjes të furrave Vatergjakete në Trepçë”. Simpozium VI, Materials and their use, 
2006, Tiranë. 
3. A. HAXHIAJ, “Materialna i toplotna bilansa PORTPIRI pec”, magistarski rad, Sveuilište u 
Zagrebu, 1989, MF u Sisku. 
4. A. Haxhiaj, M. Rizaj, D. Elezi, “The management of coke and the optimum percentage of lead 
in agglomerate in Port-Piri furnace”. 10TH National conference of Metallurgy, 2007, Bullgari. 
5. A. HAXHIAJ, “Intensifikimi dhe optimizimi I procesit të shkrirjes reduktuese të aglomeratit të 
plumbit në furrat shahte”, punim i doktoratës, 2003, UP FXM, Mitrovicë. 
6. M. RIZAJ, A. TERZIQI, E. BEQIRI, N. KAMBERAJ, “Concentration and Distribution 
Characteristics ofTrepça Shaft Furnace Slag”, World of Metallurgy-Erzmetall 61(2) (2008), 109-
114, Clausthal-Zellerfeld, Germany. 
7. A. Haxhiaj and E. Haxhiaj, “The Optimization of the Coke and Agglomerate Quantity in Lead 
Production in “Water-Jacket” Furnace”, (Paper presented at TMS Annual Meeting & Exhibition, 
Seattle Washington, 14-18 February 2010), 249-257. 

1358



THE MINERAL CONSTITUTION AND LEACHABILITY 
CHARACTERISTICS OF DUSTS FROM DIFFERENT LEAD SMELTING 

FURNACE 

Hongxu Li1,2, Yang Xie1,2, Chao Li1,2, Zhaobo Liu1,2, Mengmeng Huang1,2

1 School of metallurgical and ecological engineering, University of science and technology, 30# 
Xueyuan Road, Beijing, 100083, China

2The Beijing Key Laboratory of Recycling and Extraction of Metals (REM), University of 
science and technology, 30# Xueyuan Road, 100083, Beijing China

Keywords:  Metallurgical waste, Lead smelting dusts, Characterization, Leachability 

Abstract 

The lead smelting dusts contain complex composition such as Pb, Zn, Cd, S and As, which pose 
serious environment problem. This research used several physical and chemical methods to study 
the basic properties of different lead smelting dusts including blast furnace dust, reduction 
furnace dust, reverberatory furnace dust and bottom blowing furnace dust. The results of 
characterization showed that these dusts have different phases, element composition and surface 
morphology. In addition, the distribution of elements and compounds presented a certain trend, 
which will impact the leachability of their major elements. At the same time, leaching 
experiments were carried out on thefour types lead smelting dusts to provide leachability 
information for metal recovery. 

Introduction 
  

The world lead production in 2012 was 10.56 million tons, among which China contributed 43 % 
of the total lead production. Being the largest lead producer and consumer in the world [1],
China produced 4.54 million tons of lead concentrates in 2013 according to the data released by 
the China nonferrous metals industry association [2,3]. While more than 80% of lead is produced 
by traditional sintering, roasting, and reduction smelting process, which is a continuous oxidation 
and reduction process. In this process lead sulfide concentrate, flux, return dusts and dolomite or 
calcite lime are granulated first and then sintered at the temperature of 800oC in oxygen 
sufficient condition, followed by adding coke and return slag in reduction process to produce 
crude lead[4, 5]. There are obvious differences among the lead smelting dusts derived from 
different smelting process. Blast furnace dusts is produced from raw material sintering process in 
which galena is oxidized, which is collected after being treated in fuming furnace[6]. Reducing 
furnace dust is derived from reducing process of sinter slag, and metal oxide in slag is reduced 
into metal by carbon oxide and part of materials go into flue gas with rising airstream during the 
process. At the same time, part of lead stream would be secondary oxidized in the process of 
rising[7].
A reverberatory furnace smelting method has been carried out for reusing the low concentration 
SO2 gas. A series of tasks including galena roasting, mutual reaction, melting slagging and 
refining containing liquation and impurities removal are completed in the same reverberatory 
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furnace. The process produces material containing 99% of Pb and a small amount of matte [8].
Besides, another method named bottom blowing oxidation process (SKS lead smelting method) 
aiming at solving SO2 pollution problem was operated in the year of 2002 for the first time in 
China[9, 10]. The amount of bottom blowing furnace dust produced from the strong oxidation 
phase is huge due to inlet of oxygen-enriched air.  
According to national list of hazardous waste, the lead smelting dusts are classified as dangerous 
pollutant because they contain lead, cadmium, arsenic and chloride compounds which are 
considered as primary or secondary pollutants[11, 12]. Besides, the production and storage 
amount of lead smelting dusts are huge, so these dusts cannot be recycled in the process because 
of contaminating the primary materials. These lead smelting dusts can lead to environment 
problem if discharged directly without adequate treatment.  
Therefore, it is necessary to determine how to separate and recover these valuable elements from 
the dusts before discharge. Many comprehensive recovery methods have been developed by 
researchers in recent years. Fu et al [13] used a selective chlorination roasting method to remove 
fluoride and chloride from lead fuming furnace; Tang [14] et al investigated the zinc extraction 
experiments using ammonium sulfate solution at high temperatures; Turan et al [15]applied the 
method of concentrated sulfuric acid roasting followed with water to recover huge acid insoluble 
metals; Ruiz et al[16] prepared zinc oxide after dust being leached with ammonia. However, 
most objects of those researches were electric arc furnace dust [17-21], which has different 
chemical composition and mineralogical structure with lead smelting dusts, and there is few 
report about the characterization of lead smelting dusts. Therefore, it is necessary to study the 
chemical and mineralogical characterization of different kinds of lead smelting dusts for 
selecting the most suitable methods to recovery them. 

Materials and Experiments 

Dust characterization 
The experimental samples were derived from four types of lead smelting dusts named blast 
furnace dust(D1), reducing furnace dust(D2), reverberatory furnace dust(D3)and bottom blowing 
furnace dust(D4)produced in JINLI lead smelting industry of Henan province. Before analysis, 
the samples were dispersed by ethanol. Blend samples evenly before sampling to ensure 
representativeness of samples. The chemical composition of dust samples were analyzed by X-
ray fluorescence (XRF), which was focused on determination of specific elements such as lead, 
zinc, cadmium, sulfate, chloride, arsenic. Chemical titration analysis, atomic absorption 
spectrometry (AAS) and emission spectrometry by inductively coupled plasma (ICP) and ion 
exchange chromatography are also used to check the chemical compositions of dusts.
The structural characterizations of lead smelting dusts were performed through X-ray diffraction 
analysis in a Siemens appliance model D500. X-ray patterns of samples powdered to 400 mesh 
were obtained with monochromatic Cu Kα radiation in the 2θ-range from 10°~90° at a scan rate 
of 1°·min-1, and fixed counting time of 1s for each step. X-ray diffraction patterns were 
analyzed both visually and by the comparison technique using the Joint Committee of Powder 
Diffraction Standard (JCPDS) data. Use Jade 5.0 software to analyze detection results.
FTIR spectra were collected on a Model Nicolet iS5 FTIR. For each spectrum, 32 scans with a 
resolution of 2 cm-1 between 4000 and 400 cm-1 were used in transmission mode on KBr pellets 
made with 2mg sample and 200 mg KBr. It is aimed at analyzing surface adsorption group. 
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Scanning electron microscopy (SEM) with X-ray energy dispersive spectrometry (EDS) was 
performed to gain further knowledge of the lead smelting dust particles structure, morphology 
and their chemical composition.. 
 
Leaching Test 
Leaching tests were carried out in a beaker immersed in a thermostatic water bath under 
mechanic agitation to keep solid particle suspended evenly. The water solubility and acid 
solubility of main elements in four dust samples were taken into account. Sulfuric acid was 
selected as leaching agent because it could separate lead from most acid-soluble ions. The effects 
of acid concentration (0-70 g/L), solid/liquid ratio (5:1-30:1), leaching temperature (25-80oC) 
and leaching time (5-30 min) on the elements content in leached residue were investigated. The 
major elements were analyzed for Pb, Zn, Cd, As, S and Cl in residue. 
 

Results and Discussion 
 
The elemental composition of dusts 
Table I shows the chemical composition results of lead smelting dusts determined by X-ray 
fluorescence method. The elements presented in four dust samples were similar and the majority 
elements were lead, zinc, cadmium, sulfur, arsenic, and chlorine. The minor elements were iron, 
copper, aluminum, silicon, sodium and potassium. The amount of elements was different in four 
dust samples. The lead content in blast furnace dusts was relatively high because D1 was derived 
from the first step of raw materials treatment so that partial of materials would volatilization. 
Major metals in reduction furnace dusts were lead, zinc and cadmium. Chlorine content was 
relatively high due to the volatilization of chloride under high temperature and reducing 
atmosphere. The major elements of reverberatory furnace dust were lead, zinc, cadmium, iron, 
copper and sodium, because they were produced from a continuous process of raw material 
treatment to remove impurities. Owing to lead and cadmium sulfide or sulphate were served as 
bottom blowing furnace raw materials, the major elements in D4 were lead, cadmium and sulfur, 
and zinc content was relatively lower than the other three dust samples.  
The results of individual metal content analysis in four dusts point to the need of examining its 
physical and chemical properties since it is considered to be a type of industrial waste. Moreover, 
special attention will be given to the content of major elements in water or acid leachates in order 
to find a proper solution for their recovery. As seen from Table 1, it is better to recycle lead, zinc 
and cadmium from D1 and D2; and there is more economical advantage to recycle lead and 
cadmium from D4; besides, it is more difficult to comprehensively recycle elements from D3 
due to its complexity. 
 

Table I. The chemical composition of lead smelting dust (%) 
Element Pb Zn Cd S As Cl Fe Cu Si Al Na K 

D1 61.84 12.21 9.67 7.91 1.85 2.16 0.40 0.12 0.13 0.05 1.05 2.74 
D2 37.75 26.38 14.04 5.36 2.56 8.79 0.19 0.14 0.14 0.07 <0.01 2.74 
D3 49.87 3.38 6.71 7.58 0.03 1.05 2.13 2.13 0.64 0.03 12.03 <0.01 
D4 39.92 0.27 34.49 18.79 <0.01 3.68 0.07 0.26 0.01 0.04 0.27 <0.01 
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The mineralogy structure and chemical compound of the dusts 
The X-ray diffractograms of D1, D2, D3 and D4 samples can be seen in Fig.2, which mainly 
displays the diffraction peaks of lead, zinc and cadmium compounds labeled with black, blue and 
red numbers. According to data of card JCPDS, the main identified phases are shown in TableII.  
 

 
Figure2. XRD patterns of four lead smelting dusts. (1 PbS, 2 Pb2O3, 3 Pb5(AsO4)3Cl ,4 PbSO4 , 5 
Pb7O8Cl2 , 6 PbAs2S4 ,7.PbO, 8 Pb3O4 , 9.Pb2O(SO4) ,10 PbO2 ,11 ZnS 12 ZnO,13 Zn3(AsO4)2, 14 

ZnAs,15 Zn3As2,16 CdO,17 CdS, 18CdAs, 19 Cd2As2Cl2,20 CdSO4, 21 Cd3(AsO4)2 ) 
 

The forms of lead compounds in D1 were complex, and among those lead sulfides was the most 
obvious phase. Zinc sulfide and zinc oxide identified as the minor phases could not be 
unambiguously confirmed due to the superimposition of their diffraction peaks with those of 
major peak. The presence of cadmium arsenide could be ascertained due to the consistency of 
major diffraction peak, but cadmium sulfides and sulfates might not be unambiguously 
confirmed. D2 was came from the reducing process of sintering slag, so most of lead and zinc 
compounds were oxide. Besides, lead sulfide, zinc arsenic and zinc arsenate could be identified 
in minor peaks. Cadmium sulfide and cadmium arsenic were identified as the main cadmium 
species in D2. The main major phase identified in D3 was lead sulfate, and lead sulfide, 
clinomimetite, lead oxides were also possible existed in it. Zinc arsenate identified as major 
phase could not be confirmed because of the superimposition with lead sulfate diffraction peak. 
The presence of cadmium compounds were the most complex, such as cadmium sulfide, 
cadmium arsenic, cadmium arsenic chloride, cadmium sulfate, cadmium arsenide. D4 was 
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derived from the strong oxidation process of raw materials, so the lead sulfide or lead arsenic 
could not be found from Fig.2. The diffraction peaks of zinc compounds were covered by other 
strong peaks because of minor zinc content. Cadmium oxide was confirmed to be the major 
phase in D4. Besides, cadmium sulfide and sulphate could not be ruled out because they had 
those major phases like XRD pattern.

Table II. Results of phase analysis of lead smelting dusts samples
sample Identified phase

1 2 3 4 5 6 7 8 9 10 11
PbS Pb2O3 Pb5(AsO4)3Cl PbSO4 Pb7O8Cl2 PbAs2S4 PbO Pb3O4 Pb2O(SO4) PbO2 ZnS

D1 ● ○ ○ ○ ○ ○ ○ × × × ○
D2 ○ ○ ○ × × × ○ ○ × × ×
D3 ○ ○ × ● × × × × ○ × ○
D4 × × × ● × × ○ ○ × ○ ○
sample Identified phase

12 13 14 15 16 17 18 19 20 21
ZnO Zn3(AsO4)2 ZnAs Zn3As2 CdO CdS CdAs Cd2As2Cl2 CdSO4 Cd3(AsO4)2

D1 ○ × × ○ × ○ ● × ○ ×
D2 ● ○ ○ × × ● ○ × ○ ×
D3 × × × × × ○ ○ × ○ ○
D4 ○ × × × ● ○ × × ○ ×
*(●) Identified phases in major peak ○ Identified phases in minor peak (×) Phases undetected

In general, the lead smelting dusts were composed of metal oxide, sulfide, sulphate, arsenic,
arsenate and chlorine-containing compounds. Not all the identified phases in minor peaks 
displayed in TableII were confirmed in the diffractogram due to the superimposition of their 
diffraction peaks with those of the more abundant phases.
The infrared spectra of D1~D4 samples can be seen in Fig.3. All the spectra presented a broad 
band around 3460cm-1 due to O-H stretch of hydrogen bonded water. D4 displayed the strongest 
O-H stretch vibration [17, 22]. All the four spectra displayed a band around 1640 cm-1 assigned 
to a vibration of the water molecule [22], which were surface absorbed or entrapped in cavities. 
It could be found water molecule content in D4 was the highest, but few could be identified in 
D2. A weak absorption peak near 779 cm-1 was attributed to SiO2[23], which is an impurity 
phase of quartz. The vibration degrees of SiO2 were related to the silicon content in dusts, so the 
vibration of D3 was the strongest. Seen from the spectrum of four dusts, it could be presumed 
that the band located around 1120 cm-1 is due to a sulfate (SO4

2-) vibration, being the other 
strong sulfate vibration, expected around 617 cm-1[18]. It could be found that sulfate content in 
four dusts was in the order of D4 > D3 > D2 > D1. The bands around 500 cm-1 were assigned to 
vibrations of simple oxides[24] such as lead oxide, zinc oxide and cadmium oxide. The vibration 
in D2 was most obvious, which could be speculated to be caused by ZnO and PbO according to 
TableII. Although no sulfur was expected in the spectra, sulfide could not be ruled out in dusts. 
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Figure 3. FTIR spectra curves of lead smelting dusts samples prepared as KBr

Microstructure of the dusts
SEM micrographs of D1, D2, D3 and D4 samples can be seen in Fig. . The grains in four
samples have displayed various different morphology such as spherical, block, cubic crystalline 
structure and some irregular non-crystalline state. It is reported that the formation of dusts
undergoes two steps: first, the emission of dust “precursors” (vapors, metal droplets, and solid 
particles) inside the furnace; second, the conversion of those precursors into dusts through 
agglomeration and physic-chemical transformations [17].  
As seen from Fig.  D1a~b, the particle size of D1 was between 0.1~1μm, which was smaller than 
the data detected in granular analyses. It can be seen from D1a~b that particles distribution of D1

was even and most of them displayed spherical structure, which indicated that they have been
formed from the liquid state after evaporation condensation or volatilization of fine particle. The
white substance in Fig. D1c whose EDS elemental analysis pointed to zinc oxide was wrapped
by black fine particle aggregates assigned to lead compounds and next to grey substance
assigned to cadmium sulfide. The microstructure of D2 observed in Fig. D2a~c indicated that 
the size distribution range was wide and particle forms were various. The spherical shapes of
granules with Pb and O as major elements were assigned to lead oxide phase. The cubic particle 
whose EDS analysis pointed to lead sulfide was derived from the unreacted raw material. As
shown from D2b, particles were wrapped or agglomerated. The fine particles being wrapped
were mainly composed of zinc oxide and cadmium sulfide through EDS analysis. The spherical 
shapes were the main microstructure of D3 seen in Fig. D3a~c. The granules were mixture of 
zinc, cadmium, copper, iron and sodium compounds identified by EDS analysis. The distribution 
of phase was relatively homogeneous in D3c, because reflecting smelting process was continuous
so that dust component was diverse and mixed. The microstructure of D4 observed in Fig. D4a-c
was irregular sintering phase, indicating the granules have undergone sinterization during fly off
from the molten metal to the bag filter. The amorphous phase identified as sulfate was formed by 
reaction of metal oxide and rapidly released SO2.
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Figure . Microstructure photos of four lead smelting dusts 

The leachability of the different dusts 
Considering sulfuric acid can easily dissolve a large part of elements from dusts, the experiment
of ions leachability of dusts was carried out in sulfuric acid solution. As seen from Fig. a~d, the
first column of each dust presents the elements content in dust before leaching.  
Fig a indicates the effect of sulfuric acid concentration on elements content in the residues. 
With acid concentration increasing, zinc content in D1 and D2 were significantly decreased. 
When acid concentration reached 70 g/L, zinc in D2 was totally leached, while zinc in D1 and D3

D1a D1c

D2 D2

b

D3 D3b D3

D4 D4b D4c

D2c

D1
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were just leached 54.8% and 42.9% respectively. The leached amount of cadmium in D4 was 
affected by acid concentration obviously, and cadmium was totally leached as acid concentration
reached 70 g/L, besides, the cadmium in D1, D2, D3 were reduced about 38.2%, 40.5% and 80.4% 
respectively at the same concentration. As partial particles of D2 were wrapped shown in Fig.
D2b, the wrapped arsenate (Zn3 (AsO4)2) would be released with dissolution of zinc and 
cadmium. The arsenic has dissolved 17.3% in D1 and 63.7% in D2 at the concentration of 70 g/L.  
The effect of leaching time on elements content in the residues is shown in Fig b. The chloride 
ions were totally removed from four dusts between 5 and 10 min. The ions leaching rate of D1

was relatively fast due to a considerable part of compounds were insoluble sulfide and the 
leached amount of zinc, cadmium and arsenic reached 54.6%, 38.1%, 14.6% in 5 min. It took 30 
min to leach whole zinc from D2, while just 51.25% of cadmium and 87.5% of arsenic were 
removed at most. On the other hand, it just needed 10 min to obtain the largest removed amount 
of zinc and cadmium from D3, but increasing time to 30 min was beneficial to increase the lead 
content in residue due to the complexity of elements. It only took 20 min to totally leach 
cadmium from D4.
Fig. c shows the effect of leaching temperature on the elements content in residue. Increasing 
temperature was beneficial to remove cadmium, zinc, arsenic and chloride from four dusts at
different extent. It can be seen from Fig. c that 60oC was considered as optimum leaching
temperature, and higher temperature did adversely affect the leaching result because of water
evaporation.As seen from Fig. d, liquid solid ratio of 20:1 could be selected as proper parameter
for leaching D1, D2 and D4, because soluble compounds were relatively less in D1 and particle
sizes of D3 and D4 were relatively small. However, increasing liquid solid ratio to 30:1 was better 
to reach the optimal ions leaching amount of D2.
Above all, combined with characterization results of dusts, all the chloride ions could be 
removed from dusts. Besides, 17.3% and 63.7% of arsenic identified as arsenate could be 
removed from D1 and D2 respectively. About 54.5% of leached zinc from D1 was contributed to 
dissolution of zinc oxide, and about 38.2% of cadmium from D1 was derived from cadmium 
sulphate and cadmium oxide. As to ions leachablity of D2, all zinc could be totally leached, 
which was identified as soluble zinc oxide, and 40.5% of leached cadmium was contributed to 
cadmium sulphate. About 42.9% of zinc came from arsenate could be leached from D3, and
80.4% of cadmium derived from sulphate and arsenate could be also removed from D3. The 
cadmium existed as cadmium oxide and cadmium sulphate in D4 could be totally leached at 
optimal conditions.
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 Pb  Zn  Cd  S  As  Cl
Figure . The effects of different leaching conditions on the elements content in leached 

residue: a) acid concentration (from left to right: elements content in dusts, treated with water, 
10g/L acid, 30g/L acid, 50g/L acid, 70g/L acid); b) leaching time (from left to right : elements 

content in dusts, 5min, 10min, 15min, 20min, 30min); c) leaching temperature(from left to right : 
elements content in dusts, 25 , 40 , 60 , 80  ); d) liquid to solid ratio (from left to right : 

elements content in dusts,5:1,10:1,15:1,20:1,30:1). 

Conclusions

The characterization results of four lead smelting dust samples show that there are obvious 
differences in chemical composition, particle size distribution, phase composition and 
microstructure among four studied samples. D1 contains high amount of lead and unoxidized 
sulfides and arsenides because it was obtained from the first step of treating raw materials. Most 
of lead and zinc compounds in D2 were oxides for sintering slag as the material.It is more 
difficult to recycle elements from D3 due to its chemical complexity. As for D4, cadmium content 
was relatively high and almost all cadmium compounds were oxides and sulphates.In order to 
obtain the highest leaching efficiency when using sulfuric acid as reactant, the appropriate 
leaching conditions were determined as follows: acid concentration of 70g/L (for four dusts), 
leaching temperature of 60oC (for four dusts), leaching time of 5 min (for D1), or 30min (for D2,
D3 , or 20min (for D4), liquid to solid ratio of 20:1(for D1, D3, D4) or 30:1(for D2). 

 Acknowledgments 

The authors gratefully acknowledge the financial support of the National Science Foundation of 
key funds PRC for the research project (No.51234008), also the financial support of Beijing 
technical development project (No. 00012132) and the development of science and technology 
fund supported by CCS 

References

1. B.H. Jia, The lead market review and outlook in July 2013, Nonferrous Metals Engineering,
3 (4) (2013), 9-10. 
2. W. Ye, The lead market review and outlook in March 2013, Nonferrous Metals Engineering,
3 (2) (2013), 9-10. 

1367



3. H.Y. Sohn and M.O.Martinez, “Chapter 2.3 – Lead and Zinc Production, Treatise on Process 
Metallurgy,” (Beijing: Metallurgical Industry Press, 2014), 29-31. 
4. C.Y. Wang, W. Gao and F. Yin, “Present situation of lead smelting technology and the 
performance of trial production of the first lead flash smelting furnace in China,” Nonferrous 
Metal:Smelting, 1 (2010), 9-13. 
5. W.F. Li, X.G. Zhang and X.Y. Guo, “Status and progress of lead smelting technology in 
China,” China Nonferrous Metallurgy, 2 (2010), 29-33. 
6. Z.D. Wang, T. Lei and Z. Shi, "Experimentation on treatment of slag from lead smelting 
furnace by fuming process," Yunnan Metallurgy, 6 (1) (2007), 45-47.  
7. J.B. Wang, J. Wang and X.M. Wand, "Renovation of ESP in the process of rich oxygen under-
gate blast reduction," Industrial Safety and Environmental Protection, 29 (7) (2003), 8-9.  
8. L.M. Liu, "A new indium extration process from lead dross reverberatory furnace dust," Rare 
Metal, 27 (1) (2003), 112-115.  
9. A.H. Jiang, S.H. Yand and C. Mei, "Exergy analysis of oxygen bottom blown furnace in SKS 
lead smelting system," Journal of Central South University (Science and Technology), 41 (3) 
(2010), 1191-1193. 
10. M. Guo, "Technical analysis and energy-saving and emission reduction effects of lead 
metallurgy by advanced oxygen bottom-blowing process," Nonferrous Metallurgy and Energy 
Saving, 5 (2008), 15-19.  
11. Mushak, "Chapter3-Lead in the Human Environment: Production, Uses, Trends," Trace 
Metals and other Contaminants in the Environment, 10 (25) (2011), 31. 
12. M.F. Gomes, T.F. Mendes, and K. Wada, "Reduction in toxicity and generation of slag in 
secondary lead process," Journal of Cleaner Production, 19 (9) (2011), 1096-1103. 
13. L. Jiang, G.F. Fu and D.Q. Wang, "Removal off and Cl from zinc oxide dust using selective 
chlorination roasting process," Nonferrous Metals, 53 (3) (2001), 28-31.  
14. M.T. Tang, P. Zhang and J. He, "Leaching zinc dust in system of Zn ( )-(NH4) 2SO4-H2O,"  
J. Cent. South Univ. (Science and Technology), 38 (5) (2007), 867-872. 
15. M.D. Turan, H.S. Altundoğan and F. Tümen, "Recovery of zinc and lead from zinc plant 
residue," Hydrometallurgy, 2004 (75), 169-176. 
16. O. Alguacil, "Recycling of an electric arc furnace flue dust to obtain high grade ZnO,"  
Journal of Hazardous Material, 2007 (141), 33-36. 
17. F.M. Martins, J.M. Neto and C.J. Cunha, "Mineral phases of weathered and recent electric 
arc furnace dust," Journal of hazardous materials, 2008 (154), 417-425. 
18. C.L. Zhang, "Mineralogical characteristics of unusual black talc ores in Guangfeng County," 
Jiangxi Province China, Applied Clay Science, 2013 (74), 37-46. 
19. T. Sofilić et al., "Characterization of steel mill electric-arc furnace dust, Journal of hazardous 
materials," 2004 (109), 59-70. 
20. J.G. Machado et al., "Chemical, physical, structural and morphological characterization of 
the electric arc furnace dust," Journal of hazardous materials, 2006 (136), 953-960. 
21. S. Kelebek, S. Yörük and B. Davis, "Characterization of basic oxygen furnace dust and zinc 
removal by acid leaching," Minerals Engineering, 2004 (17), 285-291. 
22. K. Nakamoto, "Infrared and Raman Spectra of Inorganic and Coordination Compounds, 
Chapter third ed." Wiley Interscience, New York, 1978, 132-148. 
23. Patrick N L et ai., "Influence of the chemical and mineralogical composition on the reactivity 
of volcanic ashes during alkali activation," Ceramics International, 2014 (40), 811-820. 

1368



24. M. Paul and G.C. Allen, "Chemical characterization of transition metal spinel type oxides by 
infrared spectroscopy," Appl. Spectrosc, 1995 (49), 451-458. 
25. Medina A ea al., "Fly ash from a Mexican mineral coal I: Mineralogical and chemical 
characterization," Journal of hazardous materials, 2010 (181), 82-90. 
26. D. Zingg and D.M. Hercules, "Electron spectroscopy for chemical analysis studies of lead 
sulfide oxidation," The Journal of Physical Chemistry, 1978 (82), 1992-1995. 
27. A.P. Davis and C. Huang, "The removal of substituted phenols by a photocatalytic oxidation 
process with cadmium sulfide," Water Research, 1990 (24), 543-550. 
 
 

1369



The Wetting Behavior of CrMnNi Steel on Mg-PSZ as a Function of 
Phosphorous, Sulphur and Titanium Content 

 
Tobias Dubberstein1, Hans-Peter Heller1, Claudia Wenzel2, Christos G. Aneziris2 

 
1Institute of Iron and Steel Technology, TU Bergakademie Freiberg, Leipziger Straße 34, 09599, 

Freiberg, Germany 
2Institute of Ceramic, Glass and Construction Materials, TU Bergakademie Freiberg, 

Agricolastraße 17, 09596, Freiberg, Germany 
 

Keywords: Wetting, Interfacial Reaction, Cr-Mn-Ni Steel, SNMS, Mg-PSZ ceramic 
 

Abstract 
 
The effect of temperature and elemental concentrations of phosphorous, sulphur and titanium in 
high alloyed Cr-Mn-Ni TRIP/TWIP steels (16 %Cr, 7 %Mn, 6 % Ni) on the wettability of MgO 
partially stabilized zirconia (Mg-PSZ) substrates was studied. The investigation of the wetting 
behavior is of a major importance of the infiltration of steel into open foam ceramics and in 
interfacial contact of steel & ceramic powder in the spark plasma sintering. The interfacial 
reaction was characterized using X-ray and secondary neutral mass spectrometry analysis. The 
contact angle was investigated between 1500 °C and 1600 °C in argon (99.999 vol% Ar) 
atmosphere and was found to decrease with increasing temperature. At 1600 °C sulphur 
decreased the contact angle from 103 ° (100 ppm S) to 92 ° (1000 ppm S) in Fe-Cr-Mn-Ni. 
Increasing phosphorous content was found to increase the interfacial oxygen content in samples 
and the contact angle decreased to ca. 97 °. For titanium alloyed Cr-Mn-Ni sample, a TixOy 
interfacial layer was found after experiments and the contact angle was ca. 87 ° at maximum Ti 
content of 0.232 %.  
 

Introduction 
 
Thermophysical properties such as viscosity, surface tension and density are major material 
properties of high temperature liquid phases [1]. Although their role in metallurgical processing 
such as casting has been widely known theoretically for a long time, their precise measurement 
or modeling remains complex [2]. According to the Young Equation, wetting by a liquid metal 
of solid substrate is described by Equation (1) [3] 
 

0coslvslsv           (1) 
 
here: sv is the interfacial energy of solid/vapour (N m-1), sl is the interfacial energy of 
solid/liquid in (N m-1), lv is the interfacial energy or surface tension of the liquid (N m-1) and  
is the contact angle in (°). 
Recently, austenitic stainless steels with high manganese (  10 % Mn) and phosphorous (  0.2 % 
P) contents have been developed for the macro infiltration of open-cell MgO-partially stabilized 
ZrO2 ceramic foams. It was observed that with increasing phosphorous content in Fe-Cr-Mn-Ni-
P alloys the penetration of ZrO2 open foam ceramics increased, and the pore volumes were most 
filled at highest phosphorous content [4,5]. During the infiltration of a porous body, the wetting 
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by the liquid phase of the porous solid is of importance. Karasangabo et al. [6] had investigated 
the contact angle of Fe-P binary alloys on alumina substrates. In that research, the contact angle 
was reported to decrease with increasing phosphorous content. Moreover, Krause et al. [7] had 
investigated the surface tension of iron alloyed with 0.49 % P using the maximum bubble 
pressure method. It was found, that the effect of a finer cast structure with increasing P-content 
was not explained by an effect of surface tension. The findings were in agreement to that of Jahn 
et al. [4] where phosphorous was not surface active and did not significantly change surface 
tension in high manganese austenitic as-cast steel. Previous studies on the interfacial reaction of 
iron base alloys and -polycrystalline Al2O3 substrate indicated an influence of phosphor on the 
contact angle [8].  
In the present paper, the contact angle of Cr-Mn-Ni steel on Mg-PSZ substrates were studied. 
Experiments were carried out in order to obtain information about the influence of the 
temperature and the elemental concentrations of phosphorous, sulphur and titanium on the 
contact angle. 
 

Materials and Methods 
 
Within the present investigation Cr-Mn-Ni steel on Mg-PSZ ceramics were used to analyze the 
interfacial wetting and interfacial reaction between liquid steel and solid ceramic ZrO2 substrate. 
The steel was manufactured using a vacuum induction furnace with argon atmosphere (< 2 ppm 
O2). Samples were analyzed using optical emission spectrometry (OES), combustion technique 
for carbon and sulphur. The total oxygen and nitrogen were analyzed using hot gas extraction 
technique. The phosphorous content was varied from 0.0097 % to 0.2320 % P, the sulphur 
content was varied from 0.0114 % to 0.0696 % S, and the titanium content was varied from 
0.0312 % to 0.2160 % Ti in high alloyed Cr-Mn-Ni steels. The chemical composition is given in 
Table 1. 
 

Table 1. Chemical composition of Cr-Mn-Ni steel with P, S, and Ti content in mass percent and ppm 
Sample Fe C Si Mn Cr Ni Mo Al Ti N Otot S P 

 [%] [ppm] 
P200 bal. 0.028 0.91 6.97 15.7 6.23 0.078 0.004 0.001 245 321 67 97 
P500 bal. 0.028 0.89 7.09 15.7 6.25 0.081 0.005 0.001 240 14 72 427 
P1000 bal. 0.025 0.97 6.94 15.7 5.87 0.083 0.014 0.001 230 15 143 1340 
P1500 bal. 0.026 0.89 6.91 15.2 5.80 0.077 0.008 0.001 236 65 117 1550 
P2000 bal. 0.029 0.90 7.06 15.8 5.87 0.084 0.011 0.001 280 15 140 2320 

S1 bal. 0.030 0,995 7.15 15.9 5.95 0.090 0.004 0.001 211 38 114 137 
S2 bal. 0.034 1.04 7.07 16.0 5.98 0.089 0.005 0.001 322 19 155 129 
S3 bal. 0.027 0.85 7.07 16.0 6.11 0.096 0.006 0.001 255 38 296 118 
S5 bal. 0.035 0.99 6.82 16.1 6.06 0.088 0.005 0.001 271 17 420 122 

S10 bal. 0.024 0.82 7.17 16.1 5.96 0.089 0.006 0.001 244 25 696 98 
Ti5 bal. 0.034 0.10 7.00 16.2 5.97 0.080 0.016 0.031 25 34 136 277 
Ti10 bal. 0.043 0.96 6.80 16.2 6.00 0.073 0.012 0.098 218 9 133 248 
Ti20 bal. 0.041 0.98 6.90 15.9 5.80 0.071 0.018 0.216 295 12 84 176 

 
The hot stage microscope used for sessile drop measurements is shown in Figure 1. The main 
setup is located inside a vacuum chamber. In order to remove impurities from the ambient 
gasses, it is evacuated  10-3, mbar. For the experiment, the vacuum vessel is flushed with argon 
(5.0). The sample is heated using an RF of 10 kW and 100 kHz and a graphite tube. The 
specimen is placed into the furnace using a precise linear guiding. A high temperature zirconia 
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oxygen probe is installed for the analysis of the oxygen partial pressure pO2 in the gas outlet 
stream of the vessel at a cell reference temperature of about 750 °C. The sample temperature was 
controlled via a type-B thermocouple (Pt30Rh-Pt6Rh). A CCD-camera (resolution 640x480 
pixels) continuously recorded the drop profile [19]. The contact angle was calculated by a 
mathematical approximation of the drop contour and the tangents of the contact area between the 
liquid drop and the substrate. 
 

 
Figure 1. Hot stage microscope for sessile drop method (1: gas inlet, 2: vacuum vessel, 3: CCD-Camera, 4: graphite 
tube, 5: sample, 6: gas outlet and high temperature sensor, 7: thermocouple, 8: rf-heating, 9: Al2O3 tube) 
 
Within the contact angel measurements, the argon gas was provided by a liquid gas tank (V = 3.4 
m3, p = 32 bar) with a vaporizer unit. In order to obtain material properties relevant for 
metallurgical processes, namely casting and metal spraying, no further gas purification was 
installed. The cold furnace revealed an oxygen content below 1 ppm. Furthermore, the interfacial 
reaction was characterized using a secondary neutral mass spectrometry recently reported in 
reference [8,9]. The sputtering rate of the metal surface within the framework of the present 
investigation was approximately 1 nm·s-1. The surface roughness of the Mg-PSZ substrates was 
controlled by similar grinding and polishing procedures before experiments. Confocal laser 
microscope surface profiling did not show any variation within the surface profile after 
preparation procedure.   
 

Experimental Results 
 
Phosphor alloyed Cr-Mn-Ni steel 
 
The experimental results of contact angle measurements of phosphorous-alloyed Cr-Mn-Ni steel 
is presented in Figure 2. In all alloys (P200 to P2000) the contact angle was decreased steadily 
with higher temperatures. The isothermal curve of the contact angle in Figure 3 for Fe-Cr-Mn-P 
at 1600 °C indicated, that the wetting of the Mg-PSZ substrate was improved from ca. 102 ° for 
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97 ppm P (P200) to ca. 98 ° for 2320 ppm P (P2000). A previous study of Fe-Cr-Mn-Ni on 
Al2O3 substrates revealed a similar influence of phosphorous on the wetting characteristic [4]. 
After the experiments, there was no visible reaction layer on the metal neither on the ceramic 
interface. The work of adhesion was calculated from the present wetting results and previous 
surface tension measurements using sessile drop and the maximum bubble pressure method. The 
work of adhesion increased from 1.082 J·m-2 for P200 to 1.166 J·m-2 for P2000 at 1600 °C.  
 

 
 

 
 

Figure 2. Contact angle for Fe-Cr-Mn-Ni-P alloys 
(P200-P2000) as a function of temperature 

Figure 3. Contact angle as a function of phosphor 
content in Fe-Cr-Mn-Ni-P for 1500 °C and 1600 °C 

 
The secondary neutral mass spectrometry (SNMS) for P200 sample is shown in Figure 4. At the 
interface at 0 s an enrichment of the oxygen was observed from the intensity signals. 
Furthermore, some zirconium cation diffused into the metal sample. The oxygen diffusion layer 
was slightly increased with higher phosphorous content, see Figure 5. Phosphor can increase the 
oxygen activity at the interface, which was earlier reported by Vogel [10]. The increase of the 
oxygen activity at the interface is assumed to have decreased the contact angle with increasing P 
content in the investigated samples.  
 

Figure 4. Elemental intensity as a function of sputter 
time for P200 (ca. 100 ppm P) 

Figure 5. Elemental intensity as a function of sputter 
time for P1000 (ca. 1340 ppm P) 
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Sulphur alloyed Cr-Mn-Ni steel 
 
For all Fe-Cr-Mn-Ni-S specimen the contact angle decreased slightly in the considered 
temperature range from 1450 °C to 1600 °C, refer to Figure 6. The contact angle decreased from 
ca. 102 ° for S1 (137 ppm S) to ca. 92 ° for S10 (696 ppm S) at 1600 °C. The interfacial work of 
adhesion was 0.880 J·m-2 for S1 and 0.907 J·m-2 for S10 at 1600 °C.  
 

 
Figure 6. Contact angle for Fe-Cr-Mn-Ni-S alloys (S1-
S10) as a function of temperature 

Figure 7. Contact angle as a function of sulphur content 
in Fe-Cr-Mn-Ni-S for 1500 °C and 1600 °C 

 
The analysis of the interface by SNMS for S1 is presented in Figure 8. At the metal interface no 
sulphur enrichment could be analyzed. The oxygen activity was not significantly increased in the 
vicinity of the metal / ceramic interfacial layer. The spectrometer analysis of intensity signals for 
S10 alloy (Figure 9) showed, that the sulphur signal significantly increased at the vicinity of the 
metal interface. As known from Fe-S and AISI 304 sulphur is a strongly surface active element, 
which was also found for high manganese TRIP/TWIP steels in a previous investigation [11,12].  
 

 
Figure 8. Elemental intensity as a function of sputter 
time for S1 (ca. 100 ppm S) 

Figure 9. Elemental intensity as a function of sputter 
time for S10 (ca. 700 ppm S) 
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Titanium alloyed Cr-Mn-Ni steel 
 
For titanium alloyed Cr-Mn-Ni steel, the contact angle was decreased with temperature as shown 
in Figure 10. From Ti5 with 0,031 % Ti to Ti20 with 0,216 % Ti the wetting was improved from 
99 ° to 87 ° at 1600 °C. According the Young-Dupré equation the work of adhesion was 
increased from 1.027 J·m-2 (Ti5) to 1.252 J·m-2 (Ti20) at 1600 °C which is comparable to results 
for Fe-ZrO2 interfaces [13]. There is a stronger influence at the metal interface of titanium then 
of sulphur or phosphorous in Cr-Mn-Ni steel.  
 

 
Figure 10. Contact angle for Fe-Cr-Mn-Ni-Ti alloys 
(Ti5-Ti20) as a function of temperature 

Figure 11. Contact angle as a function of titanium 
content in Fe-Cr-Mn-Ni-Ti for 1500 °C and 1600 °C 

 
Within the Ti5 sample with very low titanium, no titanium activity was found at the interface 
(Figure 12). However, for Ti20 alloy a thick reaction layer (Zr, O, Ti) of several microns was 
formed at the metal interface. Fe, Cr, Mn, Ni signals were in the vicinity of the background 
scattering of the SNMS apparatus. According to the work of Mukai et al. [14] the contact angle 
was slightly decreased with titanium in low alloyed carbon steel.  
 

 
Figure 12. Elemental intensity as a function of sputter 
time for Ti5 (ca. 300 ppm Ti) 

Figure 13. Elemental intensity as a function of sputter 
time for Ti20 (ca. 2000 ppm Ti) 
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Conclusions 
 
In the present investigation, the contact angle and the interfacial reaction were analyzed for high-
alloyed Cr-Mn-Ni steel with varying P, S, and Ti content and as a function of temperature (1450 
°C to 1600 °C). The main results are the following: 
 

 The contact angle decreased with temperature in Fe-Cr-Mn-Ni-(P, S, Ti). 
 For phosphor and sulphur alloyed Cr-Mn-Ni steel the contact angle was slightly 

influenced. 
 Sulphur was found as a surface-active element at the steel / ceramic interface. 
 Titanium showed a strong interaction at the steel interface, a Ti-O-Zr layer was found 

with the application of the secondary neutral mass spectrometry. 
 The wetting of Cr-Mn-Ni steel was improved with higher titanium content. 
 Furthermore, the work of adhesion for all stainless steel alloys was only slightly 

influenced by a variation in the trace elements.  
 
The improvement of wetting among with the interfacial layer formation via use of titanium are of 
major importance for the metallurgical manufacturing by a liquid steel infiltration of open foam 
ceramics for a TRIP-matrix Composite.  
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Abstract 
Computer simulation plays an increasingly important role in improving the environmental and 
economic performance of pyrometallurgical extraction processes. The thermodynamic 
description of the chemical systems involved is at the core of such advanced simulation software. 
A thermodynamic database has been developed to describe the phase relations and chemical 
reactions in the Al–Ca–Cu–Fe–Mg–O–S–Si chemical system with support from the leading 
copper producers. The database contains model parameters for gas, liquid slag, liquid matte and 
metal, spinel and numerous solid phases. Models based on the Modified Quasichemical 
Formalism were used for the slag, matte and liquid metal. The internal consistency of the 
database provides accurate and reliable predictions outside of the usual operating conditions. The 
development of the database was closely integrated with the experimental studies of this 
chemical system. The database works in the environment of FactSage software. The application 
of thermodynamic modelling is illustrated by the example of the Peirce-Smith converter. 

Introduction 
The overall economic efficiency and environmental performance of the copper plant depend on 
numerous factors. The examples of variable process parameters are temperature, oxygen 
enrichment of the blow, amount of fuel, internal recycle of slags and dusts, target slag 
composition (Fe/SiO2), final matte grade during smelting and converting and many others. The 
optimization of the process can be achieved by the implementation of the computer models of 
the process, which, in turn, require deep understanding of chemistry involved. The development 
of large thermodynamic databases is helps to collect and systematically evaluate the 
experimental information on the chemical systems, important for the industry. In copper 
industry, the core chemical system is Al–Ca–Cu–Fe–Mg–O–S–Si, plus major impurities Pb, Ni, 
plus minor elements As, Sb, Bi, Zn, Sn, Au, Ag. The most important phases are gas, liquid matte, 
metal and slag, spinel solid solution, and numerous solid silicates, oxides and sulfides. The 
recent experimental and modelling project aimed at addition of Cu and S to the core chemical 
system has been undertaken by Pyrosearch (The University of Queensland) in collaboration with 
CRCT (Ecole Polytechnique de Montreal). The introduction of Pb and minor elements to the 
copper database is currently in progress. The thermodynamic databases are developed within the 
environment of FactSage software [1]. 
In the thermodynamic modelling, all available thermodynamic and phase diagram data are 
evaluated simultaneously in order to obtain one set of model equations for the Gibbs energies of 
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all phases as functions of temperature and composition. Recent advances in thermodynamic 
modeling of the subsystems of the core system are: Cu–O and Cu–O–S [2], Fe–O [3], Fe–O–S 
[4], Cu–Fe–O [5], Cu–Fe–O–S [6], Al–Fe–O [7], Ca–Fe–O [8], Fe–Si–O [9], Cu–Si–O, Cu–Ca–
O, Cu–Ca–O–Si [10], Ca–Fe–Si–O [11]. The results of project on the core chemical system are 
summarized in two PhD theses [12, 13]. 
In the present article the application of the database is demonstrated on the example of the 
simulation of Peirce-Smith converter. 

1. Thermodynamic database 

The following section contains brief descriptions of the thermodynamic models used for 
matte/metal, slag and spinel phases. More details on the model parameters are available 
elsewhere [12]. The gas phase is modeled as an ideal solution. The properties of the gaseous 
species were taken from the standard FactSage database [1]. 

1.1. Matte 

Liquid matte and metal are modeled as one solution:

� ( )I II II IIICu ,  Cu ,  Fe ,  Fe ,  O,  S �� '>?�

In this model, species are not charged and placed on one sublattice, so no condition of 
electroneutrality is imposed. This allows the model for the liquid phase to cover the whole 
compositional range inside the Cu–Fe–O–S system from metals to oxides (in absence of SiO2), 
to sulfides, to non-metals. This way, the deviation of Cu2S–FeS stoichiometry of mattes is taken 
into account. The very strong interaction between metals and nonmetals creates short range 
ordering (SRO) between first nearest neighbors (FNN), which affects the entropy of mixing. This 
effect is modeled using the Modified Quasichemical Formalism in pair approximation [14, 15]. 
The meaning of numbers I, II and III is close to the concept of valence. They reflect the fact that 
in the MQM species have different coordination numbers. The ratio of coordination numbers 
determines the composition of maximum short range ordering (SRO) between a pair of species: 
CuI:OII = 2:1, FeII:SII = 1:1, FeIII:OII = 2:3, etc. The absolute values of coordination numbers 
have minor effect, compared to their ratio. FeIII and CuII appear only at high oxygen partial 
pressure, in the order of 10-7 atm and 0.21 atm at 1200 °C, respectively. Under conditions of 
pyrometallurgical copper production, Cu and Fe in matte and in metal exist almost exclusively as 
CuI and FeII. 

1.2. Slag 

Compared to mattes, slags have more distinct ionic characteristics. With the introduction of silica 
into metal oxide melt, the structure of the liquid solution becomes more complicated. Metals 
surround themselves by oxygen, but at the same time there is a strong tendency to get Si4+

cations second next to basic cations (Fe2+, Ca2+ etc.): 

� FeSi/OO(Fe-O-Fe) (Si-O-Si) 2(Fe-O-Si), g+ = Δ �� 'J?�

In other words, slags exhibit a significant second nearest neighbor (SNN) short-range ordering 
(SRO) between basic cations and acidic Si4+ cations. The existing thermodynamic models are not 
able to model simultaneously FNN and SNN SRO for species in one sublattice. However, in case 
of slags it is not necessary, because the range of nonstoichiometry towards metal and toward 
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nonmetal is usually very small. Sulfur is soluble in slags, but to a relatively small extend. Thus, 
slag is modeled using separate solution from matte, where cations and anions species are placed 
on separate sublattices: 

� ( )( )3+ 2 1 2 3 2 4 2 2Al , Ca , Cu ,  Fe ,  Fe ,  Mg , Si O ,  S+ + + + + + − − �� 'X?�

In this way, the magnitude of FNN SRO is represented by the Gibbs energies of the slag solution 
end-members: oxides CaO, FeO, SiO2 and sulfides CaS, Cu2S, FeS, etc. These Gibbs energies 
are the most important model parameters. To take into account the effect of SNN SRO on the 
thermodynamic properties of slag liquid, the Modified Quasichemical Formalism in quadruplet 
approximation was used [16]. 

1.3. Spinel 

The spinel solution, extended during the recent project, is represented by the formula  

� 3 +2 +2 +3 +2 tetr 3 +2 +2 +2 +3 +2 oct -2
2 4(Al ,Cu ,Fe ,Fe , Mg ) [Al ,Ca ,Cu ,Fe ,Fe ,Mg ,Va] O+ + �� 'Y?�

The model is developed within the Compound Energy Formalism (CEF) [17, 18]. According to 
CEF, 35 Gibbs energy expressions ( ijG ) are required for the pseudo components of this spinel. 

They are related to those of real spinels, but they should not be confused. The procedure, 
developed by Decterov et al. [19] uses linear combinations of ijG  to minimize the number 

adjustable of model parameters. The reader is referred to Shishin (2013) [12] for the detailed 
description of the spinel model. 

2. Slag-matte equilibrium 

The following section contains the description of the slag-matte equilibrium which is of primary 
importance for the copper smelting and converting. For the sake of simplicity, all calculations are 
performed within the Cu–Fe–O–S–Si system. The thermodynamic database can be used for the 
prediction of the effect of Al, Ca and Mg on the slag-matte equilibrium. In the Cu–Fe–O–S–Si 
system, 5 + 2 = 7 degrees of freedom must be fixed to set the equilibrium. The conventional 
selection of the degrees of freedom is 1) temperature 2) total pressure (usually 1 atm) 3) presence 
of slag phase 4) presence of matte phase 5) saturation with SiO2, or with spinel, or Fe/SiO2 in 
slag; first two are limiting cases 6) presence of metal phase (as in the direct-to-blister process) or 
fixed P(SO2) 7) final wt% Cu in matte, or wt%Fe in matte, or P(O2). The last degree of freedom 
serves as an X-axis in Figure 1, while other 6 are fixed. They demonstrate the model predictions 
of the slag-matte equilibrium at total pressure of 1 atm, 1200 °C, SiO2 or spinel saturation, 
P(SO2) = 0.16 atm as a function of matte grade. These conditions are close to those during the 
slag blow stage in the Peirce-Smith copper converter. The model calculations are in agreement 
with the available experimental data as shown in Shishin (2013) [12]. 
Copper industry is particularly interested in the equilibrium copper content of slag (Figure 1a), 
because it gives the lower limit of copper losses. In practice, copper content of slag is always 
higher than equilibrium value due to the physical entrainment of matte into the slag. 
Nevertheless, the absence/existence of the maximum on the wt%Cu in slag vs wt% Cu in matte 
curve remains the object of debate among metallurgists. Previous FactSage model by Decterov 
and Pelton (1999) [20] and MPE model by Chen and Jahanshahi (2013) [21] give the 
monotonous rise of wt% Cu in slag vs matte grade. The group of Yazawa in Tohoku University 
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long believed in the existence of the maximum and explained it using the concept of sulfidic 
solubility of copper in slag [22]. This was supported by several authors [23, 24]. Some 
researchers did not observe the maximum [25]. 
In the updated database, sulfur in slag behaves as anion and forms quadruplets with Fe2+ and Cu+

cations and O2-. Thus, the sulfur content in slag and copper content in slag are correlated, and 
related to the Fe/SiO2 in slag. The quadruplet model makes it possible to describe the maximum, 
reported for equilibrium with liquid copper [26, 27]. The experimental work is currently under 
way in Pyrosearch to confirm the presence of the maximum at higher P(SO2). 

3. Peirce-Smith process simulation 

3.1. Simulation formulation  

Peirce-Smith is the batch process [28], which mostly consists of reaction of between matte and 
oxygen aided by fluxing. The reactions may be represented as: 

� 2 2 2 2FeS (matte) + 3/2O + SiO =FeO SiO (in slag)+ SO ( )x x slag blow⋅ ↑ �� '\?�

And 

� 2 2 2Cu S (matte) + O  = 2Cu (liquid) + SO ( )copper blow↑ �� '^?�

The connection between thermodynamics and time is reached through division of the process 
into equilibrium steps. At each step, the portion of the blow participates in the reaction with 
condensed phases. The gas phase is removed from the reaction zone and condensed phases 
proceed to the next iteration. In this sense the procedure is similar to that of Pengfu (2007) [29]. 
Advanced thermodynamic database allows to take into account mass and energy balance at each 
iteration simultaneously using the Gibbs energy minimization software based on FactSage. Two 
external factors: the rate of heat loss to the environment and furnace heat capacity are treated as 
process parameters. To the first approximation, they are considered to be independent from 
temperature. The third process parameter is oxygen efficiency. Due to kinetic reasons, only a 
portion of oxygen participates in chemical reactions. At the same time, “inert” oxygen is 
assumed to participate in heat balance: some heat is required to raise its temperature. The last 
process parameter is matte entrainment in slag. It shows the mass of matte that should be tapped 
together with each 100 g of slag during the skimming. The level of entrainment depends on 
many factors, such as viscosity of slag, settling time and skimming procedure. In the present 
study it was assumed to be constant. The list of the process parameters is given in Table 1. 

3.2. Results of the simulation  

The process starts when a large amount of matte together with reverts is charged in the converter 
and blowing starts. The high copper slag from anode furnace or from over oxidized blister 
copper is often charged at some point during the slag blow. At this stage, it is acceptable to add 
reverts with significant iron content. The amount of input flux can be roughly calculated from the 
knowledge of starting matte grade, desirable final matte grade and mass of matte. The target 
Fe/SiO2 ratio in the slag is 1.5 – 2.0 depending on the final matte grade. Figure 2 shows slag 
liquidus in equilibrium with matte of different grades. It is evident from Figure 2 that higher 
matte grades require higher temperature in order to keep the slag liquid. The amounts of phases 
are plotted in Figure 3. 

1382



(a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 10 20 30 40 50 60 70 80

W
ei

gh
t%

C
u

in
sl

ag

Weight % Cu in matte

Model, Spinel saturation

Model, SiO saturation

(b)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

40 50 60 70 80
W

ei
gh

t%
S

in
sla

g
Weight % Cu in matte

(c)

1.0

1.5

2.0

2.5

3.0

40 50 60 70 80

Fe
/S

iO
2

in
sl

ag
,w

t/w
t

Weight % Cu in matte

(d)

20

21

22

23

24

25

26

40 50 60 70 80

W
ei

gh
t%

S
in

m
at

te

Weight % Cu in matte

(e)

0

1

2

3

4

5

40 50 60 70 80

W
ei

gh
t%

O
in

m
at

te

Weight % Cu in matte

(f)

0

5

10

15

20

25

30

35

40 50 60 70 80

W
ei

gh
t%

Fe
in

m
at

te

Weight % Cu in matte

(g)

-4.0

-3.5

-3.0

-2.5

-2.0

40 50 60 70 80

L
og

10
[P

(S
2)

,a
tm

]

Weight % Cu in matte

(h)

-9.0

-8.8

-8.6

-8.4

-8.2

-8.0

-7.8

-7.6

40 50 60 70 80

L
og

10
[P

(O
2)

,a
tm

]

Weight % Cu in matte

2

Figure 1. Cu–Fe–O–S–Si system: Slag, matte, spinel or SiO2 equilibrium at P(SO2) = 0.16 atm and 1200 °C. 
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The starting temperature of the furnace is assumed to be 1100 °C, but the charge of high-
temperature matte (see Table 2) from the smelting furnace causes the rise in temperature. Reverts 
and fluxes cool down the furnace (see Table 2). The cumulative effect is calculated by the model 
(Figure 4) with furnace heat capacity taken into the account. 
When the blow starts, iron sulfide from matte reacts with oxygen to form spinel. Spinel is shown 
by purple patch in Figure 3. This exothermic reaction causes the rise of the temperature (Figure 
4). The steepness of the rise is negatively correlated with the rate of heat loss to the environment 
and the heat capacity of the furnace. When temperature rises to the certain level, determined by 
solidus in Figure 2, spinel starts to react with silica flux to form liquid slag. Silica is show by 
light blue patch and liquid slag is shown by red patch in Figure 3.  
After a significant amount of slag is accumulated, it is skimmed and replaced by the new portion 
of matte and flux (Table 2). The level of acceptable slag accumulation is determined by the 
geometry of the furnace. Large amounts of slag cause splashing. The ladle which collects the 
slag was assumed have 30 tons maximum capacity. 
According to the model, the equilibrium concentration of chemically dissolved copper is always 
below 2%. (Figure 5). Due to the matte entrainment, it is substantially higher, 4.0-5.5% (see 
Table 2). 
The procedure of accumulation and skimming of slag is repeated several times, while the overall 
matte grade increases (Figure 6). The goal is to remove iron from matte as much as possible 
during the slag blow, because during the copper blow all iron will convert to solid spinel causing 
problematic deposits. In the simulation, it is assumed that all the remaining slag is removed at 
Skim slag 4.  
The oxygen partial pressure rises and sulfur partial pressure falls during the process (Figure 7). 
Partial pressure of SO2 was calculated to be 0.15-0.20 atm for the chosen oxygen enrichment of 
the blow (25 vol% O2). 
During the copper blow, it is not desirable to load any reverts containing iron. The temperature is 
kept lower than in the end of slag blow to prevent the excessive wear of refractory and tuyeres 
[28]. The cooling is achieved by the addition of high-copper reverts. The simulation shows that, 
once all iron is removed from matte and oxygen starts oxidize Cu2S, the reaction becomes much 
less exothermic. The converting continues until no matte is left. It is not desirable to further 
oxidize copper and form a high-copper slag due to its high corrosiveness and decrease in copper 
yield. Figure 10 shows the overblow and the disappearance of spinel and formation of high-
copper slag after 424 minutes. This slag is to be collected and recycled. 

Table 1. The list of process parameters used in the simulation of the Peirce-Smith copper converter. 
Process parameters Slag blow 1-4 Copper blow 

Blow rate, kNm3�hr-1 [28] 37 40 

Oxygen enrichment, vol% O2 [28] 25 25 

Matte entrainment, % 5 Not applicable 

Oxygen efficiency, % 90 80 

Rate of heat loss, MW 2.0 2.0 

Furnace heat capacity, MJ�K-1 370 370 
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Table 2. The list of input and output of the Peirce-Smith copper converter. Output temperatures and 
compositions are the result of the simulation. 
Time, 
min 

Temperature, 
°C Charge 

Mass, 
tonne wt%Cu wt%Fe wt%S wt%O wt%SiO2

0 25 Silica flux 9.0 0.0 1.0 0.0 0.4 94.6 
0 1200 Anode slag 30.0 42.0 26.0 0.0 15.0 17.0 
0 1200 Matte 200.0 62.0 12.9 24.8 0.2 0.1 
0 25 High Fe reverts 15.0 50.0 20.0 15.0 5.0 10.0 
0 25 Reverts 5.0 100.0 0.0 0.0 0.0 0.0 

44 1171 Skim slag 1 -30.0 4.0 49.2 1.4 15.0 30.4 
49 1210 Matte 30.0 62.0 14.0 23.8 0.1 0.1 
49 25 Silica flux 5.0 1.0 0.5 0.0 0.4 94.6 
84 1209 Skim slag 2 -30.0 4.3 48.5 1.3 14.8 31.1 
87 1200 Matte 30.0 62.0 14.0 23.8 0.1 0.1 
87 25 Silica flux 4.0 0.0 0.5 0.0 0.2 94.6 

114 1232 Skim slag 3 -15.0 4.5 47.2 1.2 14.4 32.7 
115 25 Silica flux 4.0 0.0 1.0 0.0 0.4 94.6 
148 1263 Skim slag 4 -14.2 5.5 47.3 1.1 14.8 31.3 
154 25 Solid blister 30.0 100.0 0.0 0.0 0.0 0.0 
170 25 Anode scrap 10.0 100.0 0.0 0.0 0.0 0.0 
178 25 White metal 10.0 78.0 1.0 19.5 0.5 1.0 
220 25 Anode scrap 10.0 100.0 0.0 0.0 0.0 0.0 
330 25 Solid blister 10.0 98.0 1.0 0.5 0.5 0.0 
390 25 Solid blister 10.0 98.0 1.0 0.5 0.5 0.0 
432 1191 Skim High-Cu slag -10.7 58.7 23.3 0.0 17.0 0.9 
432 1191 Skim blister Cu -258.6 99.2 0.0 0.0 0.8 0.0 

4. Conclusion and further development 

The multicomponent thermodynamic database has been developed for applications in 
pyrometallurgy of copper. It covers the core chemical system that is necessary to predict phase 
equilibria, chemical reactions, energy balance and the distribution of elements in copper making 
processes. This is illustrated by the example of simulation of the Peirce-Smith converter. 
Thermodynamic models used in the present study are flexible and can be used to extend the 
database further. In particular, lead and minor elements can be added to the database. These 
projects are currently under way in Pyrosearch. 
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Abstract 
 
Recently the application of CaO-based multi-phase flux has received much attention and thus 
various physicochemical properties of the CaO-FeO-SiO2 slags have been investigated. In the 
present paper, the thermodynamic properties of the 2CaO∙SiO2-3CaO∙P2O5 solid solution which 
is the main solid phase constituting the multi-phase flux were studied. The activity of P2O5 was 
measured by the chemical equilibration method between molten iron and the solid solution, the 
solid solution and CaO mixture, or the solid solution and MgO mixture at 1823 and 1873 K with 
low oxygen partial pressure. The activities of P2O5, 3CaO∙P2O5 and 3MgO∙P2O5 were calculated 
by analyzed compositions and reported thermodynamic data. The activity of P2O5, 3CaO∙P2O5 or 
3MgO∙P2O5 increased with the increase of 3CaO∙P2O5 content in the solid solution. 
 
 

Introduction 
 
Since phosphorus segregates in the grain boundary of austenite which increases the fracture 
appearance transition temperature to cause the cold embrittlement of steel, it should be removed 
from molten iron and steel during the dephosphorization process as much as possible. Usually 
CaO is used as a flux to form highly basic CaO-FeOx-SiO2 slag and in most cases extra CaO is 
added to achieve high dephosphorization efficiency, while the CaO consumption and the slag 
amount significantly increase. Meanwhile, the generated slag after the dephosphorization process 
is hard to recycle since unreacted CaO remains in slag or CaO-based compounds precipitate 
during solidification. 
It is well known that CaO reacts with SiO2 to form 2CaO∙SiO2 on the surface of CaO in the CaO-
FeO-SiO2-P2O5 system during the dephosphorization process and then 2CaO∙SiO2 reacts with 
P2O5 to form the 2CaO∙SiO2-3CaO∙P2O5 solid solution[1-3]. Besides, 2CaO∙SiO2 and 3CaO∙P2O5 
form a pseudo-binary solid solution over a wide composition range at steelmaking 
temperature[4]. Based on the large partition ratio of P2O5 between the solid solution and liquid 
slag[5-7], the multi-phase flux has been considered to be utilized for the dephosphorization 
process. 
In order to understand the multi-phase flux better, the reaction mechanisms between solid CaO 
or 2CaO·SiO2 and molten CaO-FeOx-SiO2-P2O5 slag have been intensively studied[8-14]. The 
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phase relationship for the CaO-FeOx-SiO2-P2O5(-Al2O3) system has been also studied[15-17]. 
The activity of P2O5 in the 2CaO∙SiO2-3CaO∙P2O5 solid solution has been measured by the 
chemical equilibration method at 1573 K[18]. 
In the present study, thermodynamic properties of the 2CaO∙SiO2-3CaO∙P2O5 solid solution have 
been studied by the chemical equilibration method between the solid solution and molten iron at 
1823 or 1873 K and summarized in this paper[19-21]. 
 
 

Experimental 
 
The solid tablet of the 2CaO∙SiO2-3CaO∙P2O5 solid solution, or the mixture of solid solution and 
CaO or MgO was equilibrated with molten iron at 1823 or 1873 K. The mixture of SiO2, 
CaHPO4∙2H2O, MgO and CaO was sintered to prepare the oxide powder. The mixture was 
heated in air at 1873 K in a platinum crucible for 48 hours and then the sintered material was 
ground into fine powder before sintering for the next 48 hours. After the second sintering, the 
mixture was ground into fine powder again and about 1.5 g powder was charged in a steel dies to 
be pressed into a cylindrical tablet (diameter: 18 mm, thickness: 3 mm) at 50 MPa. The 
formation of desired phases was confirmed by XRD. 
About 10 g of electrolytic iron with the initial concentration of P less than 0.0003 mass% was 
equilibrated with the prepared tablet in an MgO crucible (outer diameter: 25 mm, inner diameter: 
20 mm, height: 60 mm) in an Al2O3 reaction tube (outer diameter: 60 mm, inner diameter: 50 
mm, length: 1000 mm). The equilibrium duration was 24 hours which was enough to reach the 
equilibrium confirmed by preliminary experiments. The oxygen partial pressure was controlled 
by the mixture of CO and CO2 gases with the total flow rate around 350 mL/min according to 
reaction (1). The oxygen partial pressure was 5.22×10−12 atm (CO:CO2=110:1) at 1823 K, and 
1.41×10−11 atm (CO:CO2=110:1) or 4.25×10−10 atm (CO:CO2=20:1) at 1873 K. 
 

CO (g) + 1/2 O2 (g) = CO2 (g)                                                 (1) 
∆G(1)° = −281000 + 85.23T J/mol[22] 

 
After the equilibrium was established, the sample was quenched by Ar stream at the outside of 
the furnace. Concentrations of P in iron and P2O5 in tablet were analyzed by spectrophotometry. 
Compositions of CaO, FeO and MgO in tablet were determined by ICP-OES and that of SiO2 in 
tablet was determined by gravimetry. 
 
 

Results and Discussion 
 
Figure 1 shows concentration of phosphorus in molten iron after equilibrium with 2CaO∙SiO2-
3CaO∙P2O5 solid solution, mixture of the solid solution and CaO, or mixture of the solid solution 
and MgO. In all cases, the phosphorus concentration increased with the increase of the 
3CaO∙P2O5 content in the solid solution and equilibrium temperature. 
Figure 2 shows the phosphorus partition ratio between molten iron and solid solution, solid 
solution saturated with CaO, or solid solution saturated with MgO. Phosphorus partition ratio 
decreased with increasing 3CaO∙P2O5 content in the solid solution. Comparing three conditions, 
the partition ratio was largest when the solid solution was saturated by CaO. 
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Figure 1. Phosphorus concentration in molten iron after equilibrium with (a) 2CaO∙SiO2-
3CaO∙P2O5 solid solution, (b) mixture of solid solution and CaO, and (c) mixture of solid 
solution and MgO. 
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Figure 2. Phosphorus partition ratio between molten iron and (a) 2CaO∙SiO2-3CaO∙P2O5 solid 
solution, (b) mixture of solid solution and CaO, and (c) mixture of solid solution and MgO. 
 
 
The activity of P2O5 relative to the hypothetical liquid P2O5 were determined from phosphorus 
concentration by the following reaction and reported interaction coefficients as shown in Fig. 3. 
 

P2O5 (l) = 2 P (mass%) + 5 O (mass%)                                          (2) 
∆G(2)° = 832384 − 632.65T     J/mol[23] 

 
In the case of pure 2CaO∙SiO2-3CaO∙P2O5 solid solution, the activity of P2O5 in the solid 
solution was in the range from 10−24.6 to 10−20.7 at 1823 K and from 10−22.8 to 10−13.1 at 1873 K, 
respectively. On the contrary that in the solid solution saturated by CaO largely decreased. 
When the solid solution is saturated by CaO or MgO, the activities of 3CaO∙P2O5 or 3MgO∙P2O5 
relative to these pure solids can be estimated from following thermodynamic data. 
 

(a) (b) 

(c) 
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P2 (g) + 5⁄2 O2 (g) = P2O5 (l)                                                   (3) 
∆G(3)° = −1655480 + 571.0T J/mol[23] 

 
3 CaO (s) + P2 (g) + 5⁄2 O2 (g) = 3CaO∙P2O5 (s)                                   (4) 

∆G(4)° = −2198000 + 504T J/mol[24] 
 

3 MgO (s) + P2 (g) + 5⁄2 O2 (g) = 3MgO∙P2O5 (s)                                  (5) 
∆G(5)° = −1993000 + 510.0T J/mol[22] 

 
The estimated activities are shown in Fig. 4 as a function of 3CaO∙P2O5 content in the solid 
solution. They also increased with the increase of 3CaO∙P2O5 content. 
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Figure 3. Activity of P2O5 relative to the hypothetical liquid P2O5 in (a) 2CaO∙SiO2-3CaO∙P2O5 
solid solution, (b) mixture of solid solution and CaO, and (c) mixture of solid solution and MgO. 
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Figure 4. Estimated activities of 3CaO∙P2O5 or 3MgO∙P2O5 relative to each pure solid as a 
function of 3CaO∙P2O5 content in the solid solution. 
 
 

Conclusions 
 
By applying the chemical equilibration method, the equilibrium between molten iron and the 
2CaO∙SiO2-3CaO∙P2O5 solid solution, mixture of solid solution and CaO, or mixture of solid 
solution and MgO was observed at 1823 K with the oxygen partial pressure of 5.22×10−12 atm 
and at 1873 K with the oxygen partial pressure of 1.41×10−11 atm or 4.25×10−10 atm. 
The activity of P2O5 relative to the hypothetical pure liquid P2O5 in the 2CaO∙SiO2-3CaO∙P2O5 
solid solution increased with the increase of the 3CaO∙P2O5 content in the solid solution. 
The activity of P2O5 in the solid solution saturated by CaO was significantly smaller than that in 
pure solid solution. 
The activity of 3CaO∙P2O5 or 3MgO∙P2O5 relative to their pure solids was also estimated in CaO 
or MgO saturation condition, respectively. 
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Abstract

In modern high temperature entrained flow gasifiers, the extensive use of petroleum coke 
(petcoke) as a replacement for or an addition to coal as a carbon feedstock introduces an 
appreciable amount of vanadium in the molten slag, resulting in unknown chemical and physical 
slag properties. A long-term research effort to understand phase equilibria of Al2O3-CaO-FeO-
SiO2-V2O3 slag system representative of that commonly found in coal/petcoke carbon feedstock 
mixtures was initiated by the U.S.-DOE NETL. In collaboration with CanmetENERGY and 
McGill University, synthetic vanadium bearing slag was investigated for phases formed under 
controlled temperature, partial pressure of oxygen, and composition. The slag compositions 
representing U.S. and Canadian coal and petcoke ashes are considered in this work. Equilibrium 
phase diagrams of the vanadium slag systems are reported. 

Introduction

Entrained flow slagging gasifiers typically run at temperatures from 1325 to 1575 °C in an
oxygen partial pressure around 10-8 atm [1, 2]. Increasing quantities of petroleum coke (petcoke) 
have been added to or replaced traditional coal feedstock as an economical alternative. The 
resulting slag is dramatically different in composition from traditional coal gasifier slags due to 
the high vanadium content in petcoke ashes, which contributes to uncertainty in gasifier 
performance. Understanding the thermodynamic nature of the vanadium-bearing slags is 
required to improve gasifier modeling and operation; however, no thermodynamic database for 
vanadium-containing slags is commercially available.

Thermodynamic equilibrium knowledge of a gasifier slag would aid in predicting its 
crystallization behavior, information needed to control and optimize the gasification process.
Crystallization kinetics in vanadium-bearing slags is influenced by chemistry and temperature 
under a constant oxygen partial pressure [3]. Slag viscosity, affected in part by crystallization, is 
one of the key properties controlling slag flow from a gasifier and penetration of the slag into 
refractory pores and grain boundaries [4]. The viscosity generally decreases with increasing 
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temperature and increases with higher crystallinity [5, 6]. Solid layers may protect from 
refractory corrosion or slow down its process [7]. 

In this work, thermodynamic phase equilibrium was evaluated using synthetic slags containing 
from 0 to 27 wt.% vanadium oxide and gasifier conditions of 1500 °C and Po2

-8 atm. 
Building upon a previous report [8], the present work varied concentrations of calcium oxide and 
iron oxide (additives used by industry) during the course of the thermodynamic phase 
investigation. The effects of these additives on slag homogeneity and crystal formation in 
vanadium-bearing slags were analyzed.  

Experimental procedure

Compositions of slag constituents studied in this work simulate those found in industrial coal ash 
and coal-petcoke ash mixtures of the U.S. and Canada. Reagent grade powders (Alfa Aesar) of 
Al2O3 (99.5%, < 37 2O3 2 (99.5%, < 44 

2O3 (99.6%, < 100 m) were used to make synthetic mixes of target compositions.  
Compositions using oxide powders were dry-mixed to produce 3 groups of compositions where 
CaO was fixed at 6, 13, and 20 wt.% and where the SiO2/Al2O3 = 2.23 (average) to simplify 
dimensions of the thermodynamic study.  

Equilibration tests were conducted by placing synthetic slag mixtures (approximately 340 mg 
each) in Pt crucibles (99.99%) and firing the mixtures in a closed horizontal tube resistance 
furnace (CM Rapid Temp 1800). Throughout the firing process, an oxygen partial pressure of 
approximately 10-8 atm at 1500 °C was maintained by flowing a mixture of 64 mol.% CO-36 
mol.% CO2 at 30 ml/min. The samples were equilibrated at a sample temperature of 1500 °C ± 
0.8 °C for 72 hours, followed by purging with Ar (99.999 %) at 400 ml/min for 3 minutes, then 
quenching samples in a bucket of water at 20°C. The total time required for quenching a sample 
(from opening of the end cap to sample-water contact) was less than 30 seconds, with 
approximately 1 second needed to remove the sample from the furnace and place it in water.
Quenched slag samples were analyzed for crystal phase identification by powder X-ray 
diffractometry (XRD), by inductively coupled plasma with optical emission spectrometry (ICP-
OES) for chemical analysis, and by scanning electron microscopy with wavelength dispersive 
spectroscopy (SEM-WDX) for phase compositions. Chemical analysis was performed after 
equilibration tests and is listed in Table I. FeO and V2O3 were assumed to be the dominant forms 
of iron and vanadium oxides in this work. Detailed experimental procedures are explained 
elsewhere [1]. 

Results and Discussion

From XRD and SEM-WDX analyses, four distinct phase fields were identified in the samples 
that included slag, Al6Si2O13(s) (orthorhombic mullite), and/or V2O3(s) (rhombohedral karelianite).
No crystal was found with low V2O3 and high FeO content. Mullite crystals were present below 
9 wt.% FeO in slags at 6 wt.% CaO, while they were not present at 13 and 20 wt.% CaO at any 
FeO contents evaluated. The V2O3(s) crystal phase was found in all slag mixtures containing CaO 
and FeO, and containing more than 2 wt.% V2O3. At 6 wt.% CaO and < 8 wt.% FeO, V2O3(s)

tended to coexist with mullite in slags for V2O3 contents higher than 2 wt.%.  
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Table I. Synthetic sample compositions studied (determined after exposure at 1500 °C in 
a 10-8 O2 pp for 72 hours) (wt.%). S = slag, M = mullite, V = V2O3(solid). 

Samples Al2O3 CaO FeO SiO2 V2O3 Total Equilibria Samples Al2O3 CaO FeO SiO2 V2O3 Total Equilibria

Ca6-1 28.7 5.3 4.9 59.3 1.9 100.0 S + M Ca13-1 22.2 11.5 1.5 52.8 12.2 100.0 S + V

Ca6-2 27.6 5.3 8.1 58.9 0.0 100.0 S + M Ca13-2 24.3 11.5 2.2 62.0 0.0 100.0 S 

Ca6-3 25.4 5.4 4.7 48.0 16.6 100.0 S + V + M Ca13-3 16.7 11.9 8.4 35.8 27.2 100.0 S + V

Ca6-4 25.8 5.7 2.2 60.9 5.4 100.0 S + V + M Ca13-4 17.7 11.9 2.4 41.6 26.4 100.0 S + V

Ca6-5 22.2 5.8 6.7 46.3 19.1 100.0 S + V Ca13-5 21.9 12.2 5.0 49.6 11.3 100.0 S + V

Ca6-6 26.5 6.0 6.9 55.1 5.6 100.0 S + V + M Ca13-6 20.3 12.3 3.5 41.8 22.0 100.0 S + V

Ca6-7 22.9 6.2 6.8 50.0 14.1 100.0 S + V Ca13-7 16.5 12.5 13.4 38.8 18.8 100.0 S + V

Ca6-8 25.2 6.2 9.3 59.2 0.0 100.0 S Ca13-8 23.4 12.6 1.8 58.2 4.0 100.0 S + V

Ca6-9 20.6 6.4 5.9 42.9 24.3 100.0 S + V Ca13-9 24.9 12.8 3.5 54.3 4.5 100.0 S + V

Ca6-10 21.1 6.4 10.5 44.7 17.2 100.0 S + V Ca13-10 18.9 12.9 12.2 41.8 14.3 100.0 S + V

Ca6-11 17.8 6.5 12.5 38.3 24.9 100.0 S + V Ca13-11 27.7 13.1 3.9 55.3 0.0 100.0 S 

Ca6-12 23.0 6.6 9.3 49.9 11.2 100.0 S + V Ca13-12 20.9 13.2 1.8 52.3 11.9 100.0 S + V

Ca6-13 24.1 6.6 9.8 55.2 4.3 100.0 S + V Ca13-13 23.0 13.3 6.7 56.9 0.0 100.0 S 

Ca6-14 24.3 6.7 1.5 59.2 8.2 100.0 S + V + M Ca13-14 16.1 13.3 14.1 36.1 20.3 100.0 S + V

Ca13-15 25.2 13.7 4.3 50.9 5.9 100.0 S + V

Samples Al2O3 CaO FeO SiO2 V2O3 Total Equilibria

Ca20-1 23.7 17.9 1.5 57.0 0.0 100.0 S 

Ca20-2 17.4 18.3 5.1 35.4 23.8 100.0 S + V

Ca20-3 24.9 18.7 2.7 53.7 0.0 100.0 S 

Ca20-4 22.3 19.1 1.6 53.1 3.8 100.0 S 

Ca20-5 20.5 19.6 1.5 50.6 7.9 100.0 S + V

Ca20-6 21.7 19.7 3.1 43.7 11.8 100.0 S + V

Ca20-7 19.2 20.2 2.2 43.1 15.3 100.0 S + V

Ca20-8 22.7 20.9 6.2 50.1 0.0 100.0 S 

Ca20-9 18.0 21.3 8.1 43.0 9.6 100.0 S + V

Ca20-10 23.0 21.4 4.7 45.2 5.8 100.0 S 

Ca20-11 16.8 21.7 9.5 33.3 18.7 100.0 S + V

Ca20-12 20.9 22.5 3.6 48.8 4.2 100.0 S 

Ca20-13 14.4 22.5 10.0 30.5 22.5 100.0 S + V

Boundaries existing between these phase fields enable borders to be drawn estimating realms of 
common thermodynamic phase equilibria. The sensitivity of the border locations was determined
using relative characteristics from XRD and SEM analyses; i.e., relative XRD peak intensities 
were assumed to correspond to crystal fractions and SEM area fractions were assumed to 
indicate phase fractions. Isothermal cuts at 1500 °C in Po2 = 10-8 atm corresponding to fixed 
CaO contents (6, 13, and 20 wt.%) were constructed. Figure 1 shows the proposed phase diagram 
at 6 wt.% CaO on axes normalized only to Al2O3, FeO, SiO2, and V2O3 (i.e., pseudo-quaternary 
system of Al2O3-FeO-SiO2-V2O3). The secondary axes represent approximate bulk (whole 
system) compositions including CaO (± 0.1 wt.%). Phase morphology representing the four
phase fields is also shown in Figure 1. 
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In Figure 1, directions of the boundary between the ‘Slag(l) + V2O3(s)’ and the ‘Slag(l) + Mullite(s)

+ V2O3(s)’ regions, and the location of the boundary between the ‘Slag(l)’ and the ‘Slag(l) +
Mullite(s)’ regions were determined strictly using experimental values. It is indicated a metastable 
extension from the boundary separating the ‘Slag(l)’ region and the ‘Slag(l) + mullite(s)’ region 
exists within the ‘Slag(l) + V2O3(s)’ region. Schreinemaker’s metastable extensions rule [9] then 
fixes the directions of the phase boundaries. A metastable extension of the boundary between the 
‘liquid slag’ and the ‘Slag(l) + V2O3(s)’ regions then falls within the ‘Slag(l) + mullite’ region, 
implying the liquid slag stability increases with FeO content.

Figure 1. Proposed isothermal section of the Al2O3-CaO-FeO-SiO2-V2O3 slag system at 
1500 °C in Po2

-8 atm at 6 wt.% CaO. Secondary axes represent approximate 
respective concentrations in bulk slag. SEM backscatter micrographs present phase 
regions of (a) ‘liquid slag + karelianite + mullite’ in 6CaO-3, (b) ‘liquid slag + 
karelianite’ in 6CaO-11, (c) ‘liquid slag + mullite’ in 6CaO-2, and (d) ‘liquid slag’ in 
6CaO-8. 

Crystal-free slags, for which higher fluidity would be expected, tend to exist at low V2O3 (0 to 
about 2 wt.%) and high FeO (greater that about 8 wt.%) in the bulk slag. The slag homogeneity 
region expands with higher CaO and/or FeO content; i.e., more V2O3 solubility can be obtained 
by adding CaO and FeO (Figure 2 (a)). In order to minimize the crystal formation in gasifier 
slags, more than 8 wt.% FeO is needed at 6 wt.% CaO, or any FeO contents at or above 13 wt.% 
CaO. Viscosity of liquid slag is reported to decrease at higher V2O3 content, but excessive 
amounts would cause karelianite crystals to precipitate, causing an increase in viscosity of the 
slag mixture [7,10]. 
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As vanadium oxide is the key component to form karelianite crystal and its formation may cause 
flow and clogging issues in gasifiers, fluxes such as calcium oxide-based and iron oxide-based 
additives are frequently used to control (increase) V2O3 solubility in liquid slag [10, 11]. The 
slags studied in this work showed that V2O3 solubility in liquid slag increased with increasing 
basicity as defined as CaO/SiO2. The solubility of V2O3 in liquid slag increased from 5 wt.% to
35 wt.% by increasing the basicity from 0.4 to 0.8 at 20 wt% CaO. Similar rates were noted at 6 
and 13 wt.% CaO. Plots shown for different CaO concentrations in Figure 2 (b) indicate the 
effect of basicity on the slopes of V2O3 solubility is not influenced by the CaO concentrations
studied. If the CaO/SiO2 ratio is maintained, the higher V2O3 solubility can be achieved with 
lower CaO concentrations. The result should be interpreted with care in the presence of the V2O3

crystal in molten slag.

Figure 2. Solubility of V2O3 in liquid slag (a) as liquidus for 6, 13, and 20 wt.% CaO, and
(b) with respect to basicity and three CaO levels. Fitted regression lines in (b) are only to 
show general trends in experimental data points. 

Conclusions

Equilibria in synthetic slags (Al2O3-CaO-FeO-SiO2-V2O3) with 0 – 27 wt.% vanadium oxide was 
evaluated in a simulated gasifier environment at 1500 °C with an oxygen partial pressure of 
approximately 10-8 atm. Based on experimental results, isothermal phase diagrams were
constructed. Increasing CaO content, FeO content, or both contents expanded the homogeneous 
slag region and reduced composition ranges exhibiting crystals. Mullite (Al6Si2O13) was not 
present in the slags containing more than 8.1 wt.% FeO (bulk), while karelianite (V2O3) always 
existed if a sufficient amount of vanadium was present in the slag. 
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Abstract 

Vanadium is found in slags produced during metal refinement and fossil fuel 
combustion/gasification. The oxidation state of vanadium in slag has technological and 
environmental implications. For example, it may affect slag flow and refractory wear inside 
reactors, as well as leachability and toxicity of industrial by-products. Determination of 
vanadium’s oxidation state in crystalline phases can be achieved via the widely adopted X-ray 
diffraction (XRD) technique. However, this technique does not provide information on vanadium 
in amorphous phases. The objective of this research is to determine the oxidation state of 
vanadium in petroleum coke gasification samples and laboratory samples using X-ray absorption 
spectroscopy (XAS) with Canadian Light Source’s soft X-ray micro-characterization beamline 
(SXRMB). Linear combination fitting of XAS spectra with reference samples allowed 
quantitative determination of vanadium speciation.  

Introduction 

Understanding vanadium redox speciation is important for several reasons. For instance, 
vanadium speciation in by-products from metal refinement, fossil fuel combustion and fossil fuel 
gasification has technological and environmental implications. It may affect slag flow and 
refractory wear inside reactors [1], as well as leachability and toxicity from industrial by-
products [2]. 

Determination of vanadium’s oxidation state in crystalline phases can be achieved via the widely 
adopted X-ray diffraction (XRD) technique. However, this technique does not provide detailed 
information on vanadium in amorphous phases. Several techniques to study both amorphous and 
crystalline vanadium phases may be found in the literature: wet chemistry [3], electron 
paramagnetic resonance (EPR) [4–6], X-ray photoelectron spectroscopy (XPS) [7], high 
temperature mass spectrometry (MS) [8], electron energy loss spectroscopy (EELS) [9,10],
inductively coupled plasma mass spectrometry (ICP-MS) [2], and X-ray absorption spectroscopy 
(XAS) [11,12]. 
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The objective of this study is to determine the oxidation state of vanadium in petroleum coke 
gasification samples and laboratory samples using X-ray absorption spectroscopy (XAS) with 
Canadian Light Source’s soft X-ray micro-characterization beamline (SXRMB). 
 

Materials and Methods 
 
Vanadium reference samples were selected to match common vanadium oxidation states and 
symmetries (Table I). All reference samples, except Ref4 and Ref5, were purchased as powder 
from Alfa Aesar and are 99%+ pure. Ref4 and Ref5 were purchased as rock samples from 
Weinrich Minerals and ground to below 60 mesh (250 μm). With the exception of Ref1, the 
composition of all reference samples was verified by X-ray diffraction. Ref3 contained 52.5 
wt.% vanadium oxide (V6O13) and 47.5 wt.% vanadium (IV) oxide (VO2). The average valence 
of Ref3 is therefore 4.2. For all other reference samples, only the expected vanadium compound 
was detected. Ref4 and Ref5 also included expected non-vanadium compounds. 
 

Table I. Reference samples 
Name Description Formula Valence Symmetry 
Ref1 Vanadium (II) oxide VO 2 Octahedral 
Ref2 Vanadium (III) oxide V2O3 3 Octahedral 
Ref3 Vanadium (IV) oxide VO2/V6O13 4.2 Octahedral 
Ref4 Cavansite Ca(VO)(Si4O10)·4(H2O) 4 Square pyramidal 
Ref5 Pascoite Ca3(V10O28)·17(H2O) 5 Octahedral 
Ref6 Vanadium (V) oxide V2O5 5 Square pyramidal 

 
From 2007 to 2011, Pratt & Whitney Rocketdyne (PWR) designed, constructed and operated a 
16 tonne per day gasification system at the Gas Technology Institute in Des Plaines, United 
States [13,14]. Samples collected from petroleum coke gasification with that system are used in 
this study and listed in Table II as Gas1-Gas5. They are further described in [15] under Test ID 
DAP 44. Synthetic samples used in this study are mixtures of V2O3 powder with CaO or MgO 
powder. They are listed in Table II as Syn1-Syn10 with the weight percentage of CaO or MgO 
indicated, where the balance is V2O3. Details of synthetic sample preparation procedures are 
described in [16], with the oxygen partial pressure controlled by a gas supply of air or a CO/CO2 
mixture. During the sample preparation, Syn1-Syn10 were equilibrated for 48 hours at 
designated temperatures and oxygen partial pressures, followed by water quenching. 
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Table II. Gasifier and synthetic samples 
Name Description Temperature (°C) log[pO2 in atm] 
Gas1 gasifier feed N/A N/A 
Gas2 gasifier cyclone fines N/A N/A 
Gas3 gasifier filter fines N/A N/A 
Gas4 gasifier char N/A N/A 
Gas5 gasifier slag N/A N/A 
Syn1 53 wt.% CaO 1500 -0.68 
Syn2 27 wt.% CaO 1500 -0.68 
Syn3 46 wt.% MgO 1500 -0.68 
Syn4 21 wt.% MgO 1500 -0.68 
Syn5 53 wt.% CaO 1500 -4 
Syn6 80 wt.% CaO 1500 -8 
Syn7 53 wt.% CaO 1500 -8 
Syn8 10 wt.% CaO 1500 -8 
Syn9 53 wt.% CaO 1200 -12 
Syn10 20 wt.% CaO 1200 -12 

 
 
X-ray absorption spectroscopy (XAS) was performed at the Canadian Light Source (CLS) using 
its soft X-ray micro-characterization beamline (SXRMB). A Si(1 1 1) double crystal 
monochromator was used, giving an energy resolving power of 10,000 eV. The sample was 
mounted using double-sided conducting carbon tape and loaded into a vacuum chamber (base 
pressure of 1 × 10−8 Torr). Vanadium K-edge XAS spectra were recorded in the total electron 
yield (TEY) mode by monitoring the drain sample current. The accuracy of energies reported 
here is 0.1 eV. The collected XAS spectra were processed with Athena software, version 0.9.21 
[17]. Analysis was performed with averaged spectra resulting from 2 or more scans. All samples 
were normalized by fitting two parallel lines in the pre-edge and post-edge regions, then setting 
these regions to absorption levels of 0 and 1, respectively. A typical XAS spectrum is shown in 
Figure 1. It is characterized by different regions which are affected by the electronic 
configuration of the atoms bombarded by X-rays. Different atoms produce peaks in different 
energy ranges. By focusing on the energy range specific to vanadium K-edge absorption, it is 
possible to differentiate vanadium species by their oxidation state and coordination symmetry. 
For this differentiation, the X-ray absorption near-edge structures within ~40 eV of the main 
edge (XANES) are of particular interest. The extended X-ray absorption fine structures (EXAFS) 
region provides information on coordination, bonding lengths and molecular environment. 
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Figure 1. Typical XAS spectrum. 

 
 

Results and Discussion 
 
There are several methods to determine the vanadium oxidation state and symmetry from 
XANES features [12]. The two methods used in this study are: (1) comparison of the main edge 
energies; and (2) linear combination fitting. The energy of the absorption edge is usually defined 
as the energy of the first point of inflection of the principal absorption edge, or as the energy 
measured half way up the normalized-edge step (i.e., at a normalized absorption of 0.5). In this 
study, the latter definition is used. An increase in absorption edge energy is generally associated 
with an increase in oxidation state. To compare values from different sources, the edge energy 
values are often expressed as energy values relative to the first peak in the derivative spectrum of 
metallic vanadium. Metallic vanadium foil was scanned at CLS. The first peak in the derivative 
spectrum was at 5463.5 eV. Figure 2 compares experimental relative absorption edge energies 
found in literature for various vanadium oxidation states [12,18,19] to reference samples, gasifier 
samples and synthetic samples. The reference samples used in this study fall within or near the 
ranges of literature values for their corresponding vanadium oxidation state. As can be seen in 
Figure 2, the relative energy may not always be used to differentiate the oxidation state of 
vanadium as there is some overlap in the oxidation state ranges. The gasifier feed (Gas1) is near 
the V4+ and V5+ ranges. The other gasifier samples are near the V3+ and V4+ ranges. The lower 
oxidation state of samples exiting the gasifier (Gas2-Gas4) than entering (Gas1) is expected due 
to the reducing conditions present in the gasifier. Of the synthetic samples prepared in air, two 
(Syn1 and Syn2) are near the V5+ range, while the other two (Syn3 and Syn4) are near the V4+ 
and V5+ ranges. Other synthetic samples are near the V5+ range (Syn5, Syn6, Syn7 and Syn9), 
while some (Syn8 and Syn10) are near the V3+ and V4+ ranges. Higher oxidation states are 
expected for the synthetic samples prepared in air, compared to those prepared in reducing gases. 
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A drawback of the main edge energy comparison method is that it does not distinguish 
components in mixtures of vanadium oxidation states. 
 

 
Figure 2. Comparison of relative edge energies (double arrow lines indicate value ranges in 

literature [12,18,19]). 
 
By curve fitting the spectra of gasifier and synthetic samples with spectra from reference 
samples, it is possible to get an indication of relative quantities of vanadium species found in the 
gasifier and synthetic samples. A similar approach was previously taken for the speciation of 
sulfur in coals and chars [20]. Linear curve fitting (LCF) was performed using Athena software, 
version 0.9.21 [17]. The energy range used to perform fitting started at the inflection point at the 
start of the pre-edge peak, and ended at the energy where the main edge reached a value of 1. 
This range intentionally includes the pre-edge peak and edge as the shapes and locations of these 
two features are known to correlate with the oxidation state and symmetry of vanadium atoms 
[11,12]. Post-edge features can be affected by other factors. For example, Wasiucionek et al. 
reported fewer modulations in the EXAFS region of spectra from amorphous vanadium 
compared to crystalline vanadium [21]. LCF was conducted with the objective of minimizing the 
R-factor, which is used to assess the deviation between the measured and the fitted spectrum 
[17], by considering combinations of up to four different reference samples. Results with 
negative weights associated with reference samples were ignored. The best fitting combinations 
for the gasifier and synthetic samples are reported in Table III, along with the associated R-
factors. The results indicate that the gasifier feed (Gas1) contains V4+ and V5+, while the by-
products (Gas2-Gas5) contain mainly V3+ and V4+. The lower oxidation state in the by-products 
is expected due to the reducing conditions in the gasifier, and agrees with the relative edge 
energy comparison. The synthetic samples prepared in air (Syn1-Syn4) or with a pO2 of 10-4 atm 
(Syn5) contain 74% or more V5+. This agrees with the relative edge energy comparison. 
Unexpectedly, the LCF results indicate three of the samples (Syn6, Syn7 and Syn9) prepared 
with a pO2 of 10-8 atm or lower, contain 94% or more V5+. This may be due to poor fitting with 

V2+ 

V4+ 

V5+ 

V3+ 
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the references samples, as the R factors range 0.13-0.16. However, the relative edge energy 
comparison also indicates V5+ is predominant. The high content of CaO in these samples (53-80 
wt.%) could be promoting a higher vanadium oxidation state, in part due to the formation of 
calcium vanadate in these binary mixtures [22]. Syn8 and Syn10 were also prepared with pO2 of 
10-8 atm or lower, but contain less CaO (10-20 wt.%). LCF results indicate V2+, V3+ and V4+ are 
predominant in these samples. 
 
 

Table III. Linear combination fitting results for gasifier and synthetic samples 
  V2+ V3+ V4+ V4+ V5+ V5+   

Sample Ref1 Ref2 Ref3 Ref4 Ref5 Ref6 R factor 
Gas1 0.45 0.55 0.05 
Gas2 0.03 0.84 0.13 0.00 
Gas3 1.00 0.03 
Gas4 0.06 0.58 0.36 0.01 
Gas5 0.79 0.21 0.00 
Syn1 0.20 0.80 0.06 
Syn2 0.08 0.12 0.36 0.44 0.02 
Syn3 0.20 0.07 0.15 0.59 0.05 
Syn4 0.23 0.03 0.74 0.03 
Syn5 0.21 0.79 0.06 
Syn6 1.00 0.16 
Syn7 0.06 0.94 0.14 
Syn8 0.27 0.33 0.40 0.01 
Syn9 0.04 0.96 0.13 

Syn10 0.27 0.08 0.58 0.07 0.04 
 

 
Conclusion 

 
Vanadium K-edge X-ray absorption spectroscopy was applied to determine the oxidation state of 
vanadium in gasifier and synthetic samples by comparing with various reference samples. The 
petroleum coke feed to a gasification system contains mainly V4+ and V5+, while the by-products 
contain mainly V3+ and V4+. A decrease in oxidation state from feed to by-products was expected 
due to the reducing gas environment in the gasification system. The synthetic samples prepared 
in air or with a pO2 of 10-4 atm contain mainly V5+. Synthetic samples with a high CaO content 
(≥ 53 wt.%) and prepared with a pO2 of 10-8 atm or lower, contain mainly V5+. Synthetic samples 
with a low CaO content (≥ 20 wt.%) and prepared with a pO2 of 10-8 atm or lower, contain 
mainly V2+, V3+ and V4+. 
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