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Preface

This book presents selected papers submitted for the 10th International Symposium
on High-Temperature Metallurgical Processing organized in conjunction with the
TMS 2019 Annual Meeting and Exhibition in San Antonio, Texas, USA. More than
120 abstracts were received. Among them, 90 were selected for oral presentation
and 34 were provided with a poster presentation opportunity. After reviewing the
submitted manuscripts, 75 were accepted for publication in this book.

As the title of symposium suggests, the interest of the symposium is on thermal
processing of minerals, metals and materials that intends to promote physical and
chemical transformations of materials to enable the extraction and production of
valuable materials such as metals, alloys, ceramics and compounds. The sympo-
sium was open to participants from both industry and academia and focused on
innovative high-temperature technologies including those based on non-traditional
heating methods as well as their environmental aspects such as handling and
treatment of emission gases and by-products. Because high-temperature processes
require high energy input to sustain the temperature at which the processes take
place, the symposium addressed the needs for sustainable technologies with
reduced energy consumption and reduced emission of pollutants. The symposium
also welcomed contributions on thermodynamics and kinetics of chemical reac-
tions, phase transformations that take place at elevated temperatures, as well as
simulation of high-temperature metallurgical processes. We hope the book will
serve as a reference for both new and experienced metallurgists, particularly those
who are actively engaged in exploring innovative technologies and routes that lead
to more energy-efficient and environmentally sustainable solutions.
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A Mathematical Model for Carbon Loss
of Blast Furnace Based on Traditional
Engineering Method

Shun Yao, Sheng-li Wu, Bo Song, Ming-yin Kou and Heng Zhou

Abstract A carbon loss mathematical model was established based on the Fe–O–C
balance and traditional engineering method. The coke carbon loss and carbon loss
of coupled direct reduction are calculated based on this model and actual production
data of B# blast furnace in Bayisteel. And then, the model is applied to research the
effect of coal ratio, burden metallization rate, blast temperature, oxygen enrichment
rate and blast humidity on carbon loss of direct reduction and carbon loss of
coupled direct reduction. The results show that burden metallization rate and
oxygen enrichment rate have significant influences on carbon loss of direct
reduction. The burden metallization rate, oxygen enrichment rate and coal ratio
have significant influences on carbon loss of coupled direct reduction. In addition,
comparing with 4# blast furnace in Baosteel, the high-quality coke can observably
reduce carbon loss of coupled direct reduction.

Keywords Blast furnace � Coke � Solution loss � Direct reduction
Carbon loss

Introduction

Metallurgical coke is the most important and inevitable raw material in the blast
furnace. Metallurgical coke is a fuel, a reductant, a carburetant, a permeable grid in
the blast furnace. And coke is indispensable material in the blast furnace, because it
sustains the passages of liquid metal and slag towards the lower part and of
high-temperature reducing gas towards the upper part, and it is the only material
that remains a solid phase in the high-temperature zones adjacent to the blast
furnace raceways. Coke quality affects the gas permeability, liquid permeability of
the burden and state of hearth [1].
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Due to the increasing of blast furnace volume, increasing environmental con-
cerns and increasing shortage of coke, there is an increasing trend to substitute coke
by injecting pulverized coal in order to decrease reliance on coke. With the coke
rate decreasing, the ratio of ore to coke is increased in the burden, so less amount of
coke has to maintain sufficient permeability and smooth state of blast furnace. And
it is prolonged that residence time of coke in the blast furnace. Coke is deteriorating
as the coke moves towards lower zone of blast furnace, as a result of mechanical,
thermal and chemical effects. As the residence time of coke is gradually extended,
coke suffers more mechanical, thermal and chemical effects than before, leading to
the increased deterioration of coke. The reaction of coke gasification by CO2 and
H2O in the furnace shaft is called solution loss reaction. In the blast furnace, in
addition to the decrease of coke strength caused by inevitable mechanical and
thermal effects, solution loss reaction is a major factor causes the decrease of coke
strength [2–6].

There are extensive researches on the solution loss reaction and deterioration of
coke. For example, Wang et al. [5] studied the effect of solution loss reaction on
CSR (coke strength after reaction) and coke degradation. The results showed that
solution loss reduces CSR and accelerates deterioration of coke, and the reaction
rate of solution loss is decreased with increase of ore pre-reduction rate.
Haapakangas et al. [6] investigated that the effects of H2 and H2O on coke reactivity
in a range of temperatures, the effects of H2 and H2O on threshold temperature of
gasification, and calculating the activation energies of CO2 and H2O in the
homogenous model and shrinking core model. Xing et al. [7] studied the deterio-
ration behaviour of coke under the conditions of simulated blast furnace tempera-
ture and CO–CO2–N2 atmosphere, and found that both gasification and annealing
decrease the coke strength. Compared with annealing at 1673 K, gasification at the
same temperature caused larger degradation of all three cokes, and the effect was
more significant on the more reactive coke.

Fang et al. [8] studied the effect of different temperatures on high-temperature
compressive strength of coke. It was provided that the high-temperature com-
pression strength of coke is in a linear relationship with carbon loss rate of coke
under the actual conditions of blast furnace. And the influence of carbon loss rate of
coke on the compressive strength is reduced with the increasing temperature.
Carbon loss rate of coke is about 30% in stock column. Cui et al. [9] experimentally
researched the influence of temperature and solution loss reaction to the
high-temperature compressive strength of coke under different gas composition
conditions. The results showed that with the increase of temperature, CO2 con-
centration and solution loss reaction extent, the high-temperature compressive
strength of coke decreases. Guo et al. [10] investigated that the variation of pore
structures of coke after gasification with CO2 and steam. In addition, the influences
of solution loss rate, temperature, and pore structure on the high-temperature
compressive strength of coke were studied. The results showed that compared with
that in CO2 gasification, the average pore diameter of coke becomes smaller, and
the specific surface and the quantity of pore under 100 lm increase in steam
gasification. At the same solution loss, the decrease of coke strength was lower for
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steam gasified coke than CO2 gasified coke. After reacting with CO2 and steam, the
high-temperature compressive strength of coke will decrease with the increasing of
solution loss or temperature. Guo et al. [11] researched the solution loss kinetics
behaviour on coke strength after reaction. The results showed that the temperature
of gradient reaction brings the most serious degradation to three cokes are different
due to different reactivity, and the temperature of the high reactive coke is about
1100 °C which is lower than another two cokes. Liu et al. [12] investigated kinetics
of coke gasification with CO2 by non-isothermal thermogravimetry. The results
showed that when the gasification temperature is higher than 1200 K, both of the
gasification reaction rate and carbon conversion rate increase significantly. When
the gasification temperature reaches about 1500 K, the gasification reaction rate
reaches the maximum. NOMURA et al. [13] investigated the strength of
catalyst-added highly reactive coke after solution loss reaction. This result showed
that the adding method and the types of catalyst have a great influence on the
post-reaction strength of coke.

These researches have important guiding significance to ironmaking process, but
there is few information about the quantization of coke solution loss in the blast
furnace. In this study, a carbon loss calculation model is established based on
traditional engineering method and Fe–O–C balance. The coke carbon loss of direct
reduction and carbon loss of coupled direct reduction in B# blast furnace of
Bayisteel are calculated based on actual production data. Discussions were made on
the influences of different operating factors to coke carbon loss.

Modelling

There are some shortcomings in traditional engineering method, such as using the
assumed direct reduction degree, unchangeable empirical specific heat capacity and
ignoring the effects of blast humidity and pulverized coal. Therefore, the short-
comings of traditional engineering method have been corrected in this work. Firstly,
carbon loss of direct reduction is calculated by this model based on conservation of
carbon. Then the amount of carbon loss of coupled direct reduction can be cal-
culated by the result of carbon loss of direct reduction. This model assumes the
following conditions: all pulverized coal is burned with oxygen; all combustion of
carbon and oxygen is incomplete combustion; it is 0.999:0.001 that the distribution
ratio of iron to hot metal and slag.

Calculation of Direct Reduction Degree

According to the principles of ironmaking, the formula of direct reduction degree is
shown as:
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rd ¼
RFeðDRÞ
RFeðpigÞ

ð1Þ

where rd represents the direct reduction degree; RFe(DR) represents the amount of Fe
that is generated by direct reduction, kg/t; RFe(pig) represents the amount of Fe in hot
metal, kg/t.

According to Fe–O–C balance, the amount of Fe element produced by direct
reduction could be calculated by carbon loss of direct reduction. The calculating
formula is shown as follows:

RFeðDRÞ ¼ 56
12

� RCðDRÞ ð2Þ

where RFe(DR) is the amount of Fe element produced by direct reduction, kg/t;
RC(DR) is the coke carbon loss of direct reduction, kg/t.

According to the conservation of carbon, the formula of coke carbon loss of
direct reduction is shown as:

RCðDRÞ ¼ RCðtotalÞ � RCð½C�Þ � RCðVadÞ � RCðXOÞ � RCðcombustionÞ � RCðH2OÞ � RCðdustÞ
ð3Þ

where RC(total) is the total amount of carbon in coke, kg/t; RC([C]) is the amount of
carbon consumed by hot metal carburization, kg/t; RC(Vad) is the amount of carbon
in volatiles of coke, kg/t; RC(XO) is the amount of carbon consumed by non-ferrous
oxide direct reduction, kg/t; RC(combustion) is the amount of carbon consumed by
combustion of coke in raceway, kg/t; RC H2Oð Þ is the amount of carbon consumed by
oxygen of blast moisture, kg/t; RC(dust) is the amount of carbon in dust, kg/t.

Calculation of Carbon Loss

In blast furnace, carbon loss of direct reduction reaction can be divided into coupled
direct reduction carbon loss reaction and molten direct reduction carbon loss
reaction according to different reaction modes. The direct reduction reaction is
coupled by solution loss reaction and indirect reduction reaction, and this direct
reduction reaction is regarded as coupled direct reduction reaction. Therefore, the
amount of carbon consumed by solution loss reaction is same to coupled direct
reduction carbon loss reaction. Besides, molten direct reduction carbon loss reaction
is caused by direct reduction of coke and molten slag.

In this model, the reduction zone of iron oxide in blast furnace is divided into 3
parts as follows:

(1) Indirect reduction zone. In this zone, the direct reduction reaction does not
occur. The indirect reduction reaction equations as follows:
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FeO(s)þCO(g) ¼ Fe(s)þCO2ðgÞ ð4Þ

FeO(s)þH2ðgÞ ¼ Fe(s)þH2OðgÞ ð5Þ

(2) Coupled direct reduction zone. In this zone, indirect reduction reaction and
solution loss reaction can be coupled into direct reduction reaction. The solu-
tion loss reaction equations are shown as:

CðsÞþCO2ðgÞ ¼ 2COðgÞ ð6Þ

CðsÞþH2OðgÞ ¼ COðgÞþH2ðgÞ ð7Þ

Eqn (4) + Eq. (6) and Eq. (5) + Eq. (7) can obtain direct reduction reaction
equation as follows:

FeOðsÞþCðsÞ ¼ FeðsÞþCOðgÞ ð8Þ

(3) Molten direct reduction zone. In this zone, the indirect reduction reaction does
not occur. And coke is the only material that remains a solid phase, the direct
reduction reaction occurs between coke and molten slag. The molten direct
reduction reaction equation is shown as:

FeOðlÞþCðsÞ ¼ FeðlÞþCOðgÞ ð9Þ

The coke consumption in BF is shown in the following ways: iron oxide direct
reduction; hot metal carburization; volatile matter of coke volatile; non-ferrous
oxide direct reduction; combustion in raceway; coke fines are discharged with
gas into dust. The iron oxide direct reduction includes coupled direct reduction
and molten direct reduction, and the coke carbon loss includes carbon loss of
coupled direct reduction and carbon loss of molten direct reduction.
The following assumptions are made for the calculation of coupled direct
reduction carbon loss: the coke carbon loss rate is 30% before coke falling into
the raceway [9, 14]; before coke falling into raceway, the coke carbon loss is
caused by coupled direct reduction, hot metal carburization, coke volatiles and
coke fines that are discharged into dust; the carbon loss of molten direct
reduction is ignored before coke drops into raceway; the hot metal carburization
can be completed 80% before hot metal droplets drop into raceway [15].
The formula for carbon loss of coupled direct reduction is as follows:

RCðCDRÞ ¼ kLC � RCðtotalÞ � RCðVadÞ � RCðdustÞ � kCC � RCð½C�Þ ð10Þ

where RC(CDR) represents the amount of carbon loss of coupled direct reduction,
kg/t; kLC represents the coke carbon loss ratio, it is 0.3 in assumptions; kCC
represents the completed ratio of hot metal carburization, it is 0.8 in
assumptions.
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The formula for carbon loss of molten direct reduction is as follows:

RCðMRÞ ¼ RCðDRÞ � RCðCDRÞ ð11Þ

where RC(MR) represents the amount of carbon loss of molten direct reduction,
kg/t.

Results and Analysis

The Influence of Different Factors on Carbon Loss

Based on the carbon loss model, it is investigated that the influence of burden
metallization rate, oxygen enrichment rate and blast humidity on coke carbon loss
and carbon loss of coupled direct reduction. The calculation results are shown in
Fig. 1 and Fig. 2, respectively.

The meanings of these symbols in Fig. 1 are as follows. A represents the effect
of coal ratio on carbon loss of direct reduction. It shows that with the increasing
10 kg/t of the coal ratio, the carbon loss of direct reduction is 0.45 kg/t. The effect
of blast temperature on carbon loss of direct reduction is shown in B. The carbon
loss of direct reduction increases 0.14 kg/t when the blast temperature increasing
50 °C.

The effects of burden metallization rate on carbon loss of direct reduction are
shown in C and D. C represents the carbon loss of direct reduction decreases
1.69 kg/t with the increasing 2% of the burden metallization rate by adding scrap
iron. It can be seen from D that using the pre-reduced burden to increase burden
metallization rate by 2% will reduce the carbon loss of direct reduction by about
7.16 kg/t. The effects of oxygen enrichment rate on carbon loss of direct reduction
are shown in E and F. E represents that an increment in oxygen enrichment rate of

Fig. 1 Influence of different
factors on carbon loss of
direct reduction
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1% under the condition that blast volume is constant will reduce the carbon loss of
direct reduction by about 3.13 kg/t. F represents that an increment in oxygen en-
richment rate of 1% under the condition that bosh gas volume is constant will
reduce the carbon loss of direct reduction by about 1.81 kg/t. The effects of blast
humidity on carbon loss of direct reduction are shown in G and H. G represents that
in order to ensure sufficient heat in the hearth, the blast temperature is increased
during the process of increasing the blast humidity. It can be seen from G that as the
blast humidity increases 5 g/m3, the carbon loss of direct reduction is decreased by
1.15 kg/t. H represents that in order to ensure sufficient heat in the hearth, the
amount of pulverized coal injection is reduced during the process of increasing the
blast humidity. It can be seen from H that with the blast humidity increasing 5 g/m3,
the carbon loss of direct reduction is reduced by 1.15 kg/t.

The meanings of these symbols in Fig. 2 are as follows. A represents the effect
of coal ratio on carbon loss of coupled direct reduction. It shows that with the
increasing 10 kg/t of the coal ratio, the carbon loss of coupled direct reduction is
2.08 kg/t. The effect of blast temperature on carbon loss of coupled direct reduction
is shown in B. The carbon loss of coupled direct reduction decreases 1.6 kg/t when
the blast temperature increasing 50 °C. The effects of burden metallization rate on
carbon loss of coupled direct reduction are shown in C and D. C represents the
carbon loss of coupled direct reduction decreases 1.83 kg/t with the increasing 2%
of the burden metallization rate by adding scrap iron. It can be seen from D that
using the pre-reduced burden to increase burden metallization rate by 2% will
reduce the carbon loss of coupled direct reduction by about 5.26 kg/t. The effects of
oxygen enrichment rate on carbon loss of coupled direct reduction are shown in E
and F. E represents that an increment in oxygen enrichment rate of 1% under the
condition that blast volume is constant will reduce the carbon loss of coupled direct
reduction by about 3.00 kg/t. F represents that an increment in oxygen enrichment

Fig. 2 Influence of different
factors on carbon loss of
coupled direct reduction
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rate of 1% under the condition that bosh gas volume is constant will reduce the
carbon loss of coupled direct reduction by about 2.09 kg/t. The effects of blast
humidity on carbon loss of coupled direct reduction are shown in G and H.
G represents that in order to ensure sufficient heat in the hearth, the blast temper-
ature is increased during the process of increasing the blast humidity. It can be seen
from G that as the blast humidity increases 5 g/m3, the carbon loss of coupled direct
reduction is decreased by 0.82 kg/t. H represents that in order to ensure sufficient
heat in the hearth, the amount of pulverized coal injection is reduced during the
process of increasing the blast humidity. It can be seen from H that with the blast
humidity increasing 5 g/m3, the carbon loss of coupled direct reduction is increased
by 1.31 kg/t.

The Influence of Coke Quality on Carbon Loss

The coke quality of B# BF in Bayisteel and 4# BF in Baosteel are shown in
Table 1.

As shown in Fig. 3, the amounts of carbon loss in 4# BF are smaller than those
in B# BF. And the carbon loss of coupled direct reduction in 4# BF is significantly
smaller than that in B# BF. Accordingly, improving the quality of coke can reduce
carbon loss of direct reduction and carbon loss of coupled direct reduction.

Table 1 Comparison of coke quality

Mad Fcad Ad Vdaf CRI CSR

B# 0.05 87.82 11.53 1.21 36.86 43.43

4# 0 86.23 12.74 1.04 24.00 70.80

Fig. 3 Comparisons of
carbon loss
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Measures to Reduce Carbon Loss of Coupled Direct
Reduction

According to the calculation results, the CRI and CSR significantly affect the
carbon loss of coupled direct reduction. And, using low CRI and high CSR coke
can effectively reduce the carbon loss of coupled direct reduction. In actual pro-
duction, coke quality has great influence on the gas permeability, liquid perme-
ability of the burden and state of hearth, and coke quality directly affects the smooth
operation. Therefore, the carbon loss of coupled direct reduction can show the coke
quality, and carbon loss of coupled direct reduction characterize the state of blast
furnace to a certain extent.

From the calculation results of the model, it can be known that the method of
increasing the burden metallization rate by using the pre-reduced burden can sig-
nificantly reduce the carbon loss of coupled direct reduction, because this method
can greatly reduce the amount of oxygen element brought into the blast furnace by
burden, thereby reducing carbon loss of coupled direct reduction. Although the
pre-reduction of burden consumes fuel, the total energy consumption may not be
increased by using non-coking coal in the production of pre-reduced burden [16].
Using scrap iron to increase the burden metallization rate can decrease carbon loss
of coupled direct reduction, but the reduction extent is relatively small. Although
the scrap iron does not participate in the oxidation-reduction reaction in the blast
furnace, the melting of the scrap iron will absorb a lot of heat, so the amount of
scrap iron should not be too large. In terms of increasing the oxygen enrichment
rate, the method of constant blast volume has a lower carbon loss of coupled direct
reduction than the method of constant bosh gas volume. Because the method of
increasing the oxygen enrichment rate by constant blast volume can inject more
coal, reduce more coke and produce more bosh gas. Therefore, the specific surface
area of the reaction between coke and carbon dioxide is reduced, resulting in a
deterioration of reaction conditions between C and CO2, so that the carbon loss of
coupled direct reduction is relatively small. For the method of increasing the
oxygen enrichment rate by constant blast volume, if the oxygen enrichment rate is
too high, the pressure loss of the blast furnace will be too large, and then the blast
furnace operation cannot be stable, so the oxygen enrichment rate should not be too
high. The method of increasing the oxygen enrichment rate by using a constant
bosh gas volume may cause the theoretical combustion temperature to be too high,
resulting in a decrease in the life of tuyere. The method of increasing the blast
temperature to increase the blast humidity can slightly reduce the carbon loss of
coupled direct reduction. Moreover, in actual production, the improvement of blast
temperature is difficult. The method of reducing the amount of coal injection to
increase the blast humidity will increase the carbon loss of coupled direct reduction.
Therefore, the dehumidified blast technology could be adopted to reduce carbon
loss of coupled direct reduction.
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Conclusions

A carbon loss mathematical model was established based on the Fe–O–C balance
and traditional engineering method. The coke carbon loss and carbon loss of
coupled direct reduction are calculated based on this model and actual production
data of B# blast furnace in Bayisteel. And then, the results show that the carbon loss
of direct reduction is 85.75 kg/t and carbon loss of coupled direct reduction is
68.68 kg/t. For carbon loss of direct reduction, the burden metallization rate (using
pre-reduced burden) affects the most, followed by oxygen enrichment rate (constant
blast volume) and oxygen enrichment rate (constant bosh gas volume). The burden
metallization rate (using pre-reduced burden) affects the most, followed by oxygen
enrichment rate (constant blast volume), oxygen enrichment rate (constant bosh gas
volume) and coal ratio on carbon loss of coupled direct reduction. In addition,
comparing with 4# blast furnace in Baosteel, the high-quality coke can observably
reduce carbon loss of direct reduction and carbon loss of coupled direct reduction.
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Study on Alkali Circulation Process
and Its Influence on Coke Ratio
in Blast Furnace

Haokun Li, Yijie Wang, Kexin Jiao, Jianliang Zhang, Rong Zhu
and Hanjie Guo

Abstract Alkali metal can be circulated and accumulated in blast furnace. In this
work, the distribution of alkali in blast furnace is determined by the calculation of
alkali balance. Combined with the cyclic of alkali in the blast furnace, the influence
of alkali on coke ratio is calculated by using blast furnace operation line. The results
show that the circulation of alkali in the blast furnace increases the coke ratio.

Keywords Alkali � Circulation � Thermodynamic behaviour � Blast furnace
operation line � Coke ratio

Introduction

Blast furnace ironmaking plays a very important role in the steel production
process. The energy consumption of ironmaking accounts for more than 70% of the
total energy consumption of steel production, and the cost of ironmaking accounts
for about 75% of the cost of steel production [1–3]. To this end, steel companies
reduce cost pressures by purchasing low-cost raw materials. However, the content
of low-cost iron ore alkali is higher, so that the alkali load is increased.

In the blast furnace ironmaking process, the circulation of alkali in the blast
furnace is extremely harmful to the blast furnace production. It can not only reduce
the softening temperature of the ore, cause abnormal expansion of the pellets, but
also strengthen the gasification reaction capacity of the coke, so that the strength of
the coke reaction is drastically reduced and powdering occurs, resulting in poor gas
permeability of the column. At the same time, the alkali adheres to the furnace wall,
which can cause scaffolding in blast furnace and directly destroy the brick wall
refractory material [4–9]. Therefore, steel companies reduce the hazards of alkali to
the blast furnace by controlling the load of alkali.
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However, the effect of alkali on the blast furnace coke ratio has not been clar-
ified, and it is necessary to quantitatively study the influence of harmful elements on
the coke ratio of blast furnace. In this paper, the distribution of alkali in blast
furnace is determined by the calculation of alkali balance. Combined with the cyclic
of alkali in the blast furnace, the influence of alkali on coke ratio is calculated by
using blast furnace operation line.

Alkali Circulation Process in Blast Furnace

Calculation of Alkali Balance in Blast Furnace

At present, the traditional research process on the circulation and distribution of
alkali in blast furnace is initially based on the chemical analysis of alkalis in input–
output items, then proceeding with balance calculations according to the quantity of
input consumption and output production.

In this paper, the samples, which include sinter, pellet, coke, pulverized coal and
pig iron, slag and dust, were taken from a commercial blast furnace. The balance of
input and output items for production of 1t pig iron are listed in Table 1. The alkalis
content of input and output for blast furnace are listed in Table 2.

It is indicated that sinter, which containing 0.2% alkalis, dominates alkalis
content for raw materials, followed by pellets, coke and coal. For output items,
alkalis mainly concentrate on slag and dust.

Table 1 Balance sheet of
input and output of a blast
furnace for production of 1t
pig iron

Items Quantity (kg/tHM)

Input Sinter 1080

Pellet 500

Coke 350

Coal 168

Output Slag 285

Dust 17

Pig iron 1000

Table 2 Content of alkali of
the samples

Items K2O (%) Na2O (%)

Sinter 0.08 0.12

Pellet 0.02 0.02

coke 0.01 0.02

Coal 0.01 0.02

Slag 0.37 0.49

Dust 0.18 0.12

Pig iron 0 0
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Based on the results of Tables 1 and 2, the quantity and proportion of alkalis in
input–output items are listed in Table 3, Figs. 1 and 2 by simple calculation.

It is indicated that the total input of alkalis for a blast furnace reaching 2.52 kg/
tHM. Sinter, pellet, coke and coal contribute 85.7, 7.9, 4.4 and 2.0% of alkalis,
respectively. The output of alkalis, which discharging from blast furnace in the
form of slag and dust, total 2.5 kg/tHM and 98% of which concentrates in slag.

The Thermodynamic Behaviour of Alkalis in Blast Furnace

Alkalismainly exist in the form of complex silicates such asmica feldspar and silicate,
and these alkali minerals are eventually reduced in the form of alkali silicate [10, 11].
The chemical equation for the reduction of alkali silicates is as follows:

Table 3 Quantity of alkalis in input–output items for a blast furnace

Items K2O (kg/tHM) Na2O (kg/tHM) K2O + Na2O (kg/tHM)

Input Sinter 0.86 1.30 2.16

Pellet 0.10 0.10 0.20

coke 0.04 0.07 0.11

Coal 0.02 0.03 0.05

Total 1.02 1.5 2.52

Output Slag 1.05 1.40 2.45

Dust 0.03 0.02 0.05

Pig iron 0 0 0

Total 1.08 1.42 2.50

Fig. 1 Proportion of alkalis
in input items for blast
furnace
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K2SiO3 + CO = 2K(g) + SiO2 + CO2ðg) ð1Þ

Na2SiO3 + CO = 2Na(g) + SiO2 + CO2ðg) ð2Þ

The alkali, which descending to bosh and hearth area with temperature being
1300–1600 °C and higher than that of alkali boiling point, always exists in the form
of elemental vapour. However, when the alkali vapour, which ascending upward
with blast furnace gas and reaching over belly area, will react with SiO2 and CO2

and produce alkali silicate as follows:

2K(g) + SiO2 + CO2 = K2SiO3 + CO(g) ð3Þ

2Na(g) + SiO2 + CO2 = Na2SiO3 + CO(g) ð4Þ

The newly formed alkali silicate, which descending to bosh and hearth area, will
again be reduced to elemental vapour, finally, a micro-cycle between alkali silicate
and elemental vapour will be formed between bosh and hearth area.

C and N2, which sharing high partial pressure in hearth area, will react with
alkali vapour and result in the formation of cyanide in bosh and hearth area, the
reaction equation is as follows:

2K(g) + 2C + N2 = 2KCN ð5Þ

2Na(g) + 2C + N2 = 2NaCN ð6Þ

Since negligible cyanide is produced, alkali mainly exists in the form of simple
vapour, and a few exist in the form of cyanide vapour.

Fig. 2 Proportion of alkalis
in output items for blast
furnace
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2K(g) + CO2 = K2O + CO ð7Þ

2Na(g) + CO2 = Na2O + CO ð8Þ

The elemental vapour, which combined with alkali cyanide ascending to bosh
and belly area, will be oxidized and produce alkali oxides or alkali carbonates, the
reaction equation is as follows:

2K(g) + CO2 = K2O + CO ð9Þ

2Na(g) + CO2 = Na2O + CO ð10Þ

Under the actual production conditions of blast furnaces, it is difficult to form
alkali oxides at the lower part of the shaft, belly and bosh area, while a small
amount of alkali oxides can be formed in the middle and upper part of the shaft.
Most alkali elemental vapours and alkali cyanide are oxidized by CO2 in the
furnace gas to form alkali carbonate in the middle and upper part of the blast
furnace. The reaction equation is as follows:

2K(g) + 2CO2 = K2CO3 + CO ð11Þ

2Na(g) + 2CO2 = Na2CO3 + CO ð12Þ

2KCN + 4CO2 = K2CO3 + 5CO + N2 ð13Þ

2NaCN + 4CO2 = Na2CO3 + 5CO + N2 ð14Þ

The alkali carbonates formed in the middle and upper part of the furnace shaft
will deposit on the furnace material and descend along with the material. During the
heating process, they may be reduced by CO to form elemental alkali again. The
calculation shows that alkali carbonates can be reduced to alkali vapour before
reaching to the soft melting zone. Therefore, alkali carbonates form cyclic en-
richment in the upper part of blast furnace.

Effect of Alkali on Coke Ratio

Operating Line of Blast Furnace

The operation line of blast furnace is to study the change and transfer of Fe–O–C
elements in blast furnace based on carbon balance, oxygen balance and heat bal-
ance. The operating line of blast furnace reveals the essence and law of blast
furnace smelting process and can be used to discuss the effect of alkalis on coke
ratio. In this paper, the mathematical relation between alkali and coke ratio in the
process of blast furnace smelting is calculated and analysed.
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As shown in Fig. 3, the x-coordinate is the ratio of oxygen atom to carbon atom,
and the y-coordinate is the ratio of oxygen atom to iron atom. AE represents the
operating line of blast furnace under certain operating conditions. The coordinates
of points A and E in the figure can be calculated according to the data related to
material balance and regional heat balance in the blast furnace, such as raw fuel
composition, top gas composition, pig iron and slag composition, so as to determine
the operating line equation of the blast furnace.

yA ¼ wðFe2O3Þ � 3=160þwðFeOÞ � 1=72
wðTFeÞ=56 ð15Þ

xA ¼ 1þ uðCO2Þ
uðCO2ÞþuðCOÞ ð16Þ

yE ¼ �ðyf þ ybÞ ð17Þ

where w(Fe2O3) is the mass fraction of Fe2O3 in the ore; w(FeO) is the mass
fraction of FeO in the ore; w(TFe) is the grade of iron ore; u(CO) is the CO
contents of the top gas; u(CO2) is the CO2 contents of the top gas; yf is the oxygen
combined with trace elements; yb is the oxygen consumed by carbon combustion.

In addition, the operational line AE should pass through the point P determined
by the heat balance in the high-temperature zone of the blast furnace. The thermal
equilibrium in the high-temperature zone is:

yb � qb ¼ yd � qd þQ ð18Þ

n(O)/n(Fe)

A

VP

E

n(O)/n(C)
O

U

B

F

y A
y f

y b

xA
Fig. 3 Operating line of blast
furnace
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where yb is the degree of direct reduction; qd is the heat consumed by reducing FeO;
Q is other effective heat consumption; qb is the teat generated by carbon
combustion.

According to the heat balance equation of the high-temperature zone, the
coordinates of point P can be determined:

xP ¼ qd
qd þ qb

ð19Þ

yP¼yf þ xPðQqd � yf Þ ð20Þ

The cyclic accumulation of alkalis in the blast furnace leads to changes in the
smelting process of the blast furnace and changes in the operating line of the blast
furnace.

xA0 ¼ 1þ VðCO2Þ � XiYi
Mi

Vm

VðCO2ÞþVðCOÞ ð21Þ

yP0 ¼ yf þ xPð
Qþ Xi�Yi�DH�

i =Mi

1000w½Fe�=56
qd

� yf Þ ð22Þ

where Xi is the load of alkali; Yi is the accumulation times of alkali; Mi is the molar
mass of specie i.

The coke ratio can be calculated according to the operating line inclination:

K ¼ ðtan a� 12� 1000w½Fe�
56

þ 1000w½C� �M � wðCÞMÞ �
1

wðCÞK
ð23Þ

where M is the coal injection rate; w(C)K is the carbon content of coke; w(C)M is the
carbon content of coal; w[C] is the carbon content of hot metal.

Operation Line Calculation Results

According to the above calculation method, the production data of a commercial
blast furnace is selected for calculation. Some production data of blast furnace is
listed in Table 4.

Figure 4 shows the calculation results of the blast furnace operation line. From
the diagram, the coke ratio increased significantly with the increase of alkali load.
When the load of K rises from 1 to 2.5, the coke ratio rises from 334 to 379 kg/t;
when the load of Na rises from 1 to 2.5 kg/t, the coke ratio rises from 311 to
384 kg/t. There are two reasons for the increase of coke ratio caused by circulation
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of alkali in blast furnace: (1) thermodynamic behaviour of alkali in blast furnace
shows that alkali circulation and enrichment in the blast furnace leads to a decrease
in gas utilization rate, resulting in an increase in coke ratio; (2) the reduction of
alkali metals in the blast furnace requires heat consumption, resulting in an increase
in coke ratio. It is noteworthy that the influence of Na on coke ratio is greater than
that of K. For each 0.5 kg/t increase in the load of K, the coke ratio is increased by
approximately 15 kg/t. When the load of Na increases by 0.5 kg/t, the coke ratio
increases by about 25 kg/t. Therefore, in actual production, it is necessary to control
the load of K and Na separately, so as to reduce the coke ratio of the blast furnace.

Table 4 Production data of a blast furnace

Parameter Result

Production Productivity, t/m3 d 2.40

Fuel Coke ratio, kg/t
PCI ratio, kg/t
Coke’s carbon content, wt%
Fuel’s carbon content, wt%

350.51

167.57

87.19

69.90

Raw material TFe, wt%
FeO, wt%
Fe2O3, wt%

57.52

6.33

71.87

Pig Iron Pig iron temperature, °C
[C], %
[Si], %
[Mn], %
[P], %
[S], %

1516

4.76

0.48

0.037

0.07

0.024

Slag CaO, %
SiO2, %
Al2O3, %
MgO, %
S, %
Slag ratio, kg/t

42.41

35.52

11.66

7.04

1.03

285.57

Blast parameter Blast volume, m3/min
Blast temperature, °C
Blast humidity, g/m3

Oxygen enrichment rate, %

6110

1265

9.56

5.62

Top gas ηCO, %
CO2, %
CO, %

48.60

23.55

24.94
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Conclusions

(1) The blast furnace alkali metal balance was calculated. The results show that the
total input of alkalis for a blast furnace is 2.52 kg/tHM, and the output of alkalis
is 2.5 kg/tHM. Therefore, every ton of molten iron produced will accumulate
0.02 kg of alkali in the blast furnace.

(2) Alkali metal can be circulated and accumulated in blast furnace. In the upper
part of blast furnace, the alkali circulates in the form of carbonate; in the lower
part of the blast furnace, alkali metal circulates in the form of silicate.

(3) The circulation of alkali in the blast furnace increases the coke ratio. For each
0.5 kg/t increase in the load of K, the coke ratio is increased by approximately
15 kg/t. When the load of Na increases 0.5 kg/t, the coke ratio increases by
about 25 kg/t.
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Fuzzy Gray Relational Analysis
for Electromagnetic Parameters
of Induction Heating Process

Pei Fu, Ping Zhou, Tianyang Zhao, Zhuo Chen and Chenn Q. Zhou

Abstract Induction heating is widely used for heat treatment, providing fast and
precise heating effect. A wide range of electromagnetic parameters, such as the
structure parameters of coil and the electrical operating parameters, have significant
influences on the temperature distribution of the workpiece in induction heating
process, which is important for the subsequent heat treatment process. In this work,
the main factors including exciting current, power frequency, coil inner diameter
and coil spacing are chosen to be studied by numerical simulation. Meanwhile the
single-factor experimental design and the Fuzzy Gray Relational Analysis are
combined to investigate the impacts of the four factors on the temperature distri-
bution, providing great reference value for further research of induction heating.
The result shows that, for axial temperature difference of specimen, the impacts of
the four factors are ranked from the most important to the least important as coil
inner diameter, coil spacing, power frequency and exciting current. While for radial
temperature difference, the ranking list of importance becomes exciting current,
power frequency, coil inner diameter and coil spacing.

Keywords Heat treatment � Induction heating � Temperature distribution �
Numerical simulation � Fuzzy gray relational analysis
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Introduction

Induction heating is one of the preferred heating technologies in industrial,
domestic and medical applications due to its advantages compared with other
classical heating techniques such as flame heating, resistance heating, and tradi-
tional ovens or furnaces [1]. It provides contactless, controlled, efficient and clean
heating of conductive materials, therefore, it is currently used in smelting, forging
and heat treatment, promoting the development of advanced material and metal-
lurgy. During the heat treatment of superalloy, the initial temperature distribution is
absolutely necessary, and the temperature distribution and temperature gradient
play vital roles for microstructure and mechanical properties [2]. However, the
limited current penetration depth and various influence factors lead to nonuniform
temperature distribution of workpiece, making it difficult to control the induction
heating process and the subsequent heat treatment process. Meanwhile, it is
impossible to get the overall temperature distribution of workpiece because of the
limited means of measurement. The numerical simulation technique is an efficient
way to obtain the temperature distribution which is difficult through the traditional
measurement method, making it convenient for the parameter control and opti-
mization [3].

Induction heating is a complex process including electromagnetic, thermal and
metallurgic phenomena. In this process, an alternating electric current induces
electromagnetic field, which in turn induces eddy currents in the workpiece [4]. The
induced eddy currents release energy in the form of heat, which is then distributed
throughout the workpiece. It is difficult to solve the electromagnetic thermal cou-
pling problem during induction heating. Based on lumped parameter method,
models like equivalent circuit model of power supply and empirical formula of
experimental modification are put forward to solve simple induction heating
problems [5, 6]. However, the oversimplified models and excessive auxiliary
parameters cause computational errors and less understanding of induction heating.
Then, distributed parameter method like finite element analysis is adopted to
analyse the induction heating [7, 8].

Besides the coupling problem, it is difficult to choose the right shape and
position of the induction coil and adjust the electric current properties to attain a
desired temperature profile in the workpiece. Huang [9] studied the induction
heating process of steel tube and compared the temperature field caused by different
power frequency, finally an optimum frequency combination was selected.
Shokouhmand [10] analysed the process of moving induction heat treatment, and
the effect of velocity, initial position of inductor and inner to outer radius ratio on
temperature distribution are investigated. Hammi [11] developed a 2D axisym-
metric model of induction heating process to study the parametric and sensitivity
effect of machine parameters including current density, heating time, frequency and
some dimensional factors. To sum up, many investigations have been done to study
the influencing factors in order to obtain an ideal induction heating effect. However,
few of them focused on the importance extent of the influencing factors. As there is

26 P. Fu et al.



a wide range of influence factors, it is crucial to compare the different influencing
factors and find the main factors to make a better understanding and more precise
control of induction heating.

Be different from previous work, this work aims to determine the primary factors
that affect the temperature distribution in induction heating process through the
numerical simulation. Previously mentioned, the structure parameters of coil (inner
and outside diameter, number of turns and coil spacing) and the electrical operating
parameters (exciting current, power frequency and heating time) all affect the
temperature distribution of workpiece obviously, which are too many to make a
comprehensive investigation. In this work, main factors including exciting current,
power frequency, coil inner diameter and coil spacing are chosen to be investigated.

In addition, Gray Relational Analysis (GRA) is a useful method to evaluate the
impacts of various factors without knowing the mathematical relationship among
the investigated factors and the results. Meanwhile the single-factor experimental
design and Fuzzy Gray Relational Analysis (FGRA) are combined to investigate the
impacts of various factors on the temperature distribution, providing great reference
value for further research of induction heating.

Evaluating Method

Single-Factor Experimental Design

The Single-factor experimental design is a popular method to deal with the test,
including multiple factors and levels. It has been widely applied to many fields
since it is simple and distinct [12]. In this work, four factors are investigated,
including exciting current, power frequency, coil inner diameter and coil spacing.

Fuzzy Gray Relational Analysis

Gray relational analysis (GRA) is an effective statistical method for measuring the
degree of approximation among the sequences using a gray relational grade. It was
developed by Deng [13] and has been successfully applied in other fields [14–17].
In this work, this method is improved and employed to evaluate the impact of
various factors on the temperature uniformity of the induction heating process. The
steps are as follows:

Step 1: List the reference matrix and comparison matrix. The reference matrix y
and the comparison matrix x are expressed as follows:

Fuzzy Gray Relational Analysis for Electromagnetic … 27



y ¼ y 1ð Þy 2ð Þ. . .y nð Þ½ � ð1Þ

x ¼
x1
x2� � �
xm

2
64

3
75 ¼

x1 1ð Þ x1 2ð Þ
x2 1ð Þ x2 2ð Þ

� � � x1 nð Þ
� � � x2 nð Þ

..

. ..
.

xm 1ð Þ xm 2ð Þ
..
. ..

.

� � � xm nð Þ

2
6664

3
7775 ð2Þ

where m is the number of investigated factors and n is number of investigated
conditions.

Step 2: Nondimensionalize original matrix. The original matrix should be
nondimensionalized because of the different dimensions of the investigated factors
and the reference variable by the following equation:

xi kð Þ0¼ xi kð Þ �minxi kð Þ
maxxi kð Þ �minxi kð Þ ð3Þ

Step 3: Calculate the cosine value of fuzzy membership. The similarity of the
two factors is related to the include dangle cosine of the two factors, which is
expressed as follows:

r1 ¼
Pn

k¼1 y kð Þx kð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
k¼1 y kð Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
k¼1 x kð Þ2

q ð4Þ

Step 4: Calculate the gray relational grade.

ni kð Þ ¼ Dminþ lDmax
Dkþ lDmax

ð5Þ

where l is the resolution coefficient, which represents the weight of the maximum
absolute difference and is used to satisfy the integrity and anti-interference of the
relational grade. Absolute difference �D is determined as follows:

�D ¼ 1
m � n

Xm
j¼1

Xn
k¼1

yt kð Þ � xtj kð Þ�� �� ð6Þ

The resolution coefficient is determined as follows:

l 2 c; 1:5c½ � c\1=3
1:5c; 2cð � c� 1=3

�
ð7Þ

where ratio c ¼ �D=Dmax. If c\1=3; l ¼ 1:5c, else if c� 1=3; l ¼ 1:75c.
Step 5: Calculate the Euclidean gray relational grade. The difference between the

reference matrix and the comparison matrix can be evaluated by the Euclidean
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distance, which improves the evaluation accuracy. The Euclidean gray relational
grade r2 is expressed as follows:

r2 ¼ 1� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

k¼1
w 1� ni kð Þð Þ½ �2

q
ð8Þ

Where w is weight factor of different factors in the comparison matrix.
Step 6: Calculate the fuzzy gray relational grade. The fuzzy relational grade is a

combination of the fuzzy membership coefficient and the Euclidean gray relational
grade, which is calculated by the following formula:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21 þ r22

2

r
ð9Þ

Step 7: Rank. Based on the value of the fuzzy gray relational grade, impacts of
the investigated factors are ranked.

Investigated Model

Geometric Model

In this work, the computational domain includes specimen, insulated cotton,
inductance coil, cooling water and ambient air. The model is simplified in the
following ways:

a. The model can be simplified to be axisymmetric since the cylindrical specimen
and the inductance coil are coaxial;

b. The 3D model can be simplified to be 2D as the materials are all isotropic.

The schematic diagram of the induction heating process is presented in Fig. 1.
The specimen is 12.5 mm wide and 100 mm long, while the air section is 400 mm
wide and 800 mm long. The material of the specimen is FGH96 and the physical
properties are determined by former experiment. Point A is set as temperature
control point, which is the mid-point of the side surface of specimen. While point B
is set as temperature measure point, which is 10 mm from the top of the side
surface.

Mathematical Model

The mathematical model of induction heating process consists of the electromag-
netic field equation and temperature field equation.
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For the electromagnetic field, combined with Coulomb gauge and auxiliary
quantity, like magnetic vector potential ~A, and electric scalar potential
/� / ¼ R /�dt
� �

, the Maxwell’s equations are described as:

~J ¼ �r
@~A
@t

þr @/
@t

 !
þ Je
! ð10Þ

r � 1
l
r�~A�r 1

l
r �~A
� �

þ r
@~A
@t

þr @/
@t

 !
¼ Je

! ð11Þ

�r � r @~A
@t

þr @/
@t

 !
¼ 0 ð12Þ

where ~J; r; r; Je
!

are the total current density, total conductivity, Hamilton
operator and current density of external exciting source respectively.

For the temperature field, the Joule heat source caused by induced eddy current
can be determined according to Joule’s law. The heat conduction equation is:

@

@t
qCpT
� � ¼ J2

r
þr � krTð Þ ð13Þ

where q, Cp, k is density, specific heat capacity and thermal conductivity of the
specimen, respectively.

Fig. 1 Schematic diagram of the induction heating process a—specimen; b—insulated cotton; c
—inductance coil; d—cooling water; e—ambient air
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Based on the geometric model and the equations above, the numerical compu-
tation is solved using the COMSOL Multiphysics 5.2a. The boundary conditions in
the numerical model are listed as follows: the temperature of cooling water is 20 °
C, the air is at room temperature and the side surface of the specimen is adiabatic as
the specimen is wrapped in insulation cotton.

Model Verification

To verify the numerical model, the simulation results (line A1, line B1) and the
experimental results (line A2, line B2) of specimen are shown in Fig. 2. Overall, the
simulated results agree with experimental results very well in terms of the magnitude
and the trend. The maximum relative error is less than 3%, which is acceptable. As a
result, the numerical model is adopted to investigate the effects of electromagnetic
parameters on the temperature distribution of induction heating process.

Results and Discussion

Results Based on Single-Factor Experimental Design

The investigated factors are exciting current, power frequency, coil inner diameter
and coil spacing, and they all have five levels, respectively. In this work, distance
between adjacent turns from middle to the end is designed as arithmetic progres-
sion, and the coil spacing is described as the common difference of the arithmetic
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Fig. 2 Comparison between numerical and experimental results of point A and B
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progression. The investigated factors and their levels are presented in Table 1. On
basic condition, exciting current is 200 A, power frequency is 100 kHz, coil inner
diameter is 50 mm and coil spacing is 0. Temperature difference equals to the
temperature in the middle minus the temperature at the end of the specimen. The
simulation conditions and results of test cases are shown in Table 2.

Table 1 Factors and levels

Levels Factors

Exciting current
(A)

Power frequency
(kHz)

Coil inner diameter
(mm)

Coil spacing
(mm)

1 100 50 40 −4

2 150 75 45 −2

3 200 100 50 0

4 250 125 55 2

5 300 150 60 4

Table 2 Simulation conditions and results of test cases

Case Factors Results

Exciting
current
(A)

Power
frequency
(kHz)

Inner
diameter
of coil
(mm)

Coil
spacing
(mm)

Axial
temperature
difference
(K)

Radial
temperature
difference
(K)

1 100 100 50 0 95 4.5

2 200 100 50 0 90 11.5

3 300 100 50 0 85 21.5

4 400 100 50 0 82 34

5 500 100 50 0 78 50

6 200 50 50 0 95 13

7 200 75 50 0 90 17

8 200 100 50 0 85 21

9 200 125 50 0 82 26

10 200 150 50 0 79 29

11 200 100 40 0 70 23

12 200 100 45 0 80 22

13 200 100 50 0 85 21

14 200 100 55 0 90 20

15 200 100 60 0 93 19

16 200 100 50 −4 525 65

17 200 100 50 −2 180 25

18 200 100 50 0 90 22

19 200 100 50 2 14 20

20 200 100 50 4 −130 17
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Through various investigations, the temperature difference of the 20 cases is
presented in Fig. 3. It can be clearly observed that all the four factors have obvious
influences on the radial and axial temperature difference of the specimen. The
tendency of radial and axial temperature difference is opposite for the exciting
current, power frequency and coil inner diameter. The larger exciting current,
higher power frequency and smaller inner distance of coil lead to shorter heating
time, causing shorter depth of penetration and smaller heat loss at the end, which
means radial temperature difference gets larger and axial temperature difference gets
smaller. When the coil spacing is sparse in the middle and dense at the end, it is
beneficial to decrease the temperature difference due to the less heat loss at the end.
However, if the coil spacing is over sparse in the middle, the temperature difference
becomes negative, meaning the temperature in the middle is lower than that at the
end, which has a negative effect on the temperature uniformity.

Results Based on Fuzzy Gray Relational Analysis

The results above have shown that the investigated factors have various impacts on
temperature difference. As a result, Fuzzy Gray Relational Analysis, an improved
method based on the gray relational theory, is adopted in this work.

Firstly, the axial and radial temperature difference under various conditions is
considered as reference matrix y1(k) and y2(k). Exciting current, power frequency,
coil inner diameter and coil spacing are taken to be the element x1(k), x2(k), x3(k)
and x4(k) in comparison matrix, respectively. The reference matrix and comparison
matrix are processed by (3).

Secondly, the cosine value of fuzzy membership is calculated by (4). Figure 4
illustrates the fuzzy membership grades of four factors to the temperature difference.
It indicates that the fuzzy membership grades of the four factors have a huge
difference. For axial temperature difference, the fuzzy membership grade of coil
inner diameter is the largest, while the coil spacing is the smallest. Based on the
analysis of (4), the higher the fuzzy membership grade, the better the similarity of
the changing trends of the investigated factors and axial temperature difference,
which means the coil inner diameter has the most noticeable effect on axial tem-
perature difference, while the coil spacing has the lowest effect. Similarly, the
exciting current has the most remarkable effect on radial temperature difference,
while the coil spacing has the lowest effect.

Thirdly, the Euclidean gray relational grade is computed by (5)–(8). In (8), the
weights are considered to be equal due to the mutual independence of the cases.
Figure 5 depicts the Euclidean gray relational grades of the four factors to the
temperature difference. It shows that the Euclidean gray relational grades of the four
factors have a small difference. Based on the analysis of (5)–(8), it still can be
attributed to that the coil inner diameter has great effect on axial and radial tem-
perature difference.
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Finally, the fuzzy gray relational grade is computed by (9), as shown in Fig. 6. It
offers us comprehensive consideration for evaluating impacts of the four factors. It
shows that, for axial temperature difference, the fuzzy gray relational grades of the
four factors, exciting current, power frequency, coil inner diameter and coil spacing,
are 0.6684, 0.7464, 0.7691 and 0.6853, respectively, meaning that the impacts of
the four factors are ranked from the most important to the least important as coil
inner diameter, coil spacing, power frequency and exciting current. While the
ranking list of importance becomes exciting current, power frequency, coil inner
diameter and coil spacing for radial temperature difference, since the fuzzy gray
relational grades are 0.7389, 0.7311, 0.7078 and 0.6315, respectively. As a result,
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coil inner diameter has the most important effect on the axial temperature differ-
ence. The exciting current has the most important effect on the radial temperature
difference, while it is not important for the axial temperature difference. This work
provides us great reference value for optimizing the temperature uniformity of the
specimen in induction heating process. As few studies investigated the importance
extent of the influencing factors before, the results will be instructive and provide
great reference for further research of induction heating.

Conclusions

In this work, numerical investigation of induction heating process was conducted.
The single-factor experimental design and the Fuzzy Gray Relational Analysis
(FGRA) were employed to evaluate the impacts of four electromagnetic parameters
on temperature uniformity. As a result, the major conclusions are summarized as
follows:

(1) The larger exciting current, the higher power frequency and the smaller inner
distance of coil led to larger radial temperature difference and smaller axial
temperature difference. Also, it was beneficial to the temperature uniformity of
specimen to make the coil spacing sparser in the middle and denser at the end
properly.

(2) The fuzzy membership grades and the Euclidean gray relational grades both
showed that coil inner diameter had the most noticeable effect on axial tem-
perature difference, while coil spacing had the lowest effect on radial temper-
ature difference.
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(3) For axial temperature difference of specimen, the impacts of the four factors
were ranked from the most important to the least important as coil inner
diameter, coil spacing, power frequency and exciting current, since the fuzzy
gray relational grades were 0.7691, 0.7464, 0.6853 and 0.6684, respectively.
While for radial temperature difference, the ranking list of importance became
exciting current, power frequency, coil inner diameter and coil spacing, since
the fuzzy gray relational grades were 0.7389, 0.7311, 0.7078 and 0.6315,
respectively
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Numerical Simulation of Inclusion
Removal in a Novel Tundish
with Swirl Flow

Jianchuan Yan, Tao Li and Jun Liu

Abstract It is of great importance to remove the inclusions as much as possible in
the molten steel. The inclusion collision rate is significantly improved by generating
centrifugal flow in the tundish with an electromagnetic device, which induces the
inclusions to grow and float. However, the electromagnetic device requires an
external equipment component that is difficult to maintain. Additionally, a turbu-
lence inhibitor is commonly used to optimize the turbulence flow in the tundish.
This paper describes a novel tundish design with a turbulence inhibitor that gen-
erates swirl flow in a cylindrical zone, which produced an effect similar to the
electromagnetic device. The gravitational potential energy of the molten steel from
the nozzle is converted into kinetic energy of the swirling flow in the tundish. The
inclusion removal rates with various nozzle diameters were investigated, and the
optimal turbulence inhibitor size and structure were identified by numerical
simulation.

Keywords Tundish � Inclusion removal � Turbulence inhibitor
Numerical simulation � Centrifugal flow

Introduction

In steelmaking, nonmetallic inclusions are mainly generated during deoxidization
process or originate with the refractory materials; these inclusions are of great harm
to the quality and mechanical properties of the steel products [1]. To improve the
quality of the molten steel, many methods to reduce inclusion formation and
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remove inclusions have been investigated [2]. In the continuous casting process, a
tundish acts not only as a buffer and distributor between ladle and casting mold, but
also plays an important role in the removal of inclusions [3]. Studies of the flow
characteristics of molten steel in the tundish are of great significance to improve the
quality and productivity of steel products. Inclusion separation is abetted by
increased residence time, elimination of dead zones and smooth molten steel flow
fields. Various flow control devices have been put into application, including
bubble curtains, weirs, dams, baffles and turbulence inhibitors [4]. Kawasaki Steel
proposed a Centrifugal Flow Tundish (CFT) [5], which could generate centrifugal
flow in the rotating chamber of the tundish driven by an external electromagnetic
field. The CFT method has proved to effectively eliminate inclusions; inclusion
removal is accomplished by increasing residence time and the collision rate of
inclusion particles in the centrifugal flow [6]. However, the CFT is not widely
applied due to its requirements of the external electromagnetic device and energy
consumption.

In this paper, a novel tundish is proposed based on the idea of a CFT installed
with an innovative turbulence inhibitor to generate swirling flow. The turbulence
inhibitor could obtain the similar effect to the electromagnetic device in the CFT
without the requirements of external device and electricity consumption.
Furthermore, it is cost efficient and easy to be maintained and replaced. The size
and structure of the novel tundish are optimized through computational fluid
dynamics (CFD) simulation implemented by ANSYS Fluent in the current work.

Model Description

Tundish Model

The novel tundish differs from tradition by employing the turbulence inhibitor that
is designed as a hollow cylinder with an inlet from its top surface and two tangential
outlets located symmetrically around the side wall of the cylinder (See Fig. 1b).
The tangential outlets generate swirling flow in the rotating chamber (See Fig. 1a)
of the tundish. The gravitational potential energy of the molten steel from the
nozzle is converted to kinetic energy of the swirling flow in the rotating chamber.
The turbulence inhibitor will be called the “swirling flow generator” in the fol-
lowing text. The components and planes of the tundish are labelled in Fig. 1. These
cross sections Plane 1 and Plane 2 are parallel to the bottom surface of the tundish.
Plane 1 is located at 125 mm above the bottom of the tundish, which is going
through the middle of the outlet of the swirling flow generator. While Plane 2 is
located at 275 mm above the bottom of the tundish, which is between the upper
surface of the swirling flow generator and the nozzle outlet.
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The three-dimensional (3D) model of a simplified tundish installed with a
swirling flow generator is established. The detailed geometry and parameters are
shown in Fig. 2, in which the internal diameter of the swirling flow generator is
variously changed and optimized in the following discussions.

Numerical Simulation

Numerical simulations were carried out by using the commercial software
ANSYS FLUENT 18.0®, which was widely applied in the field of the numerical
simulation of the flow fields in the tundishes [7–10]. In this study, the meshes of the
3D tundish models are produced by ICEM with the same operating process for each
tundish model. The total quantity of the grids is approximately 1.7 million. The
calculations are considered to have converged as the residual of all the variables are
below 1 � 10−3. The numerical simulations were carried out based on the fol-
lowing consumptions to simplify the simulation model:

(1) The molten steel is a Newtonian incompressible fluid. The density and viscosity
of the molten steel are constants, which are 7080 kg/m3 and 0.0055 kg/(m s),
respectively.

(2) The temperature and compositions of steel within the tundish are assumed to be
homogenously distributed.

Fig. 1 Structure and components of the tundish. a Components of the tundish. b and c Structure
of the swirling flow generator
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(3) The walls of the tundish are considered as smooth wall.
(4) Regardless of the influence of the slag phase, the top surface of the molten steel

is set to be specified shear wall boundary condition.
(5) The inclusion particles are assumed to be spherical with the density of 3000 kg/m3.

Turbulence Model

The renormalization group (RNG) k-e two-equation turbulence model is adopted in
this work based on the previous study [11]. The governing equations for the steady
flow are solved within a finite control volume are presented as follows.

Fig. 2 Dimensions of the three-dimensional model
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The continuity equation of the fluid is,

@ui
@xi

¼ 0 ð1Þ

The momentum conservation equation is given by,
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The turbulence kinetic energy e can be derived from the following equation,
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The dissipation rate k is calculated by the following formula,
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where, C1, C2, re and rk are constants recommended by Launder and Spalding
[12]; and G is given by,

G ¼ lt
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The effective viscosity is modified by,
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Inclusions Tracking Model

The capacity to separate inclusion particles from molten steel is one of the most
important criteria in the optimization of the tundish structure. The discrete phase
model (DPM) is introduced to simulate the motion of the inclusion particles in the
phase of themolten steel, and thus calculate the removal rate of the inclusion particles.
In the discrete phasemodel, the boundary condition of the outlet of the tundish is set to
be “escape”, which means that the inclusion particles could exit from the outlet with
the molten steel. The boundary condition of the top surface of the tundish is set to be
“trap”, where the inclusion particles become trapped. The boundary conditions at all
of the other tundish walls are set to be “reflect”, where the inclusion particles are
reflected back into the molten steel after they collide with those walls.
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Results and Discussion

Comparison Between Novel and Traditional Tundishes

The molten steel flow in the tundishes was simulated with the swirling flow gen-
erator and the traditional turbulence inhibitor (200 mm internal diameters in both
devices) to illustrate the function of swirling flow generator. Figure 3 compares the
molten steel streamlines in the two models. With the swirling flow generator, an
obvious circular motion of the molten steel is found in the cylindrical rotating
chamber. The velocity contours of the cross section A-A (See Fig. 2) are shown in
Fig. 4. The velocity of the molten steel in the tundish with the swirling flow
generator is much more symmetric than that with the traditional turbulence inhi-
bitor. It is clear that a swirling flow is created in the rotating chamber by guiding the
molten steel from the nozzle to flow out of the tangential outlets.

Fig. 3 Streamlines of
tundishes with traditional
turbulence inhibitor and
swirling flow generator

Fig. 4 Velocity contours in
section A-A of tundishes with
traditional turbulence
inhibitor and swirling flow
generator
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Influence of Nozzle Length

Two tundish models are established to clarify the influence of the immersing depth
of the 250 mm internal diameter nozzle. The model of case (a) shown in Fig. 5a is
designed exactly following the parameters shown in Fig. 2. The immersion depth of
the nozzle is 900 mm, which is positioned 50 mm above the inlet of the swirling
flow generator. The immersion depth is increased to 970 mm in case (b) shown in
Fig. 5, in which the nozzle is put into the swirling flow generator. The streamlines
and the velocity contours of the molten steel are shown in Figs. 5 and 6. The
streamlines of the molten steel in the tundish become more disordered and asym-
metrical when the nozzle immersion depth is extended from 900 to 970 mm.
Meanwhile, the velocity contours of the two tundish models indicate that a stronger
swirling flow is generated in the rotating chamber when the outlet of the nozzle has
a distance of 50 mm above the inlet of the swirling flow generator.

Fig. 5 Streamlines in the
tundishes with different
immersing depth

Fig. 6 Velocity contours in
section A-A with different
immersing depth
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Influence of Internal Diameter

In order to determine the optimum structure, the internal diameters of the swirling
flow generator were varied, (150, 200, 250 and 300 mm). The streamlines of the
molten steel of each model are presented in Fig. 7. The poorest tundish perfor-
mance appears when the internal diameter is 150 mm, indicating that the internal
diameter is too small for the swirling flow generator to generate a sufficient swirling
flow in the rotating chamber. With internal diameters of 200, 250 and 300 mm, the
swirling flow generator produced a similar swirling flow in the rotating chamber.
With the increase of the internal diameter, the molten steel is more likely to flow
along the wall of the rotating chamber.

The velocity contours of the rotating chamber area in the position of Plane 1 and
Plane 2 (See Fig. 1) are shown in Figs. 8 and 9. In Fig. 8a, the molten steel flowing

Fig. 7 Streamlines of tundishes with various sizes of swirling flow generators

Fig. 8 Velocity contours in
Plane 1 in rotating chamber
with different internal
diameters of swirling flow
generator
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out of the tangential outlets is shown to go straight to the wall of the rotating
chamber when the internal diameter of the swirling flow generator is 150 mm.
Furthermore, the velocity contour at Plane 2 in Fig. 9a indicates that the kinetic
energy of the molten steel is insufficient to generate a well-developed swirling flow
at the upper part of the rotating chamber. By comparison with the other velocity
contours, the swirling flow is well developed and symmetric in Fig. 8c; while the
swirling flow is not well developed in Fig. 8b and not symmetric in Fig. 8d.
Therefore, it may be concluded that the swirling flow generator with an internal
diameter of 250 mm generated a relatively ideal flow field for inclusion removal.

Removal of Inclusion Particles

The inclusion removal rate must be considered to find the optimum structure.
Inclusion particles with diameters of 20, 50 and 80 lm were tracked and the results
are presented at Fig. 10. In all models, the removal rate increased with the
increasing particle size because larger inclusions are easier to float and be removed.
Additionally, when the internal diameter of the swirling flow generator is less than
250 mm, the inclusion removal rate increases with increased internal diameter;
while the inclusion removal decreases with the increasing of the internal diameter of
the swirling flow generator when its diameter is larger than 250 mm. The model
with the internal diameter of 250 mm achieves a higher removal rate than the others
regardless of the inclusion size. The highest removal rate of inclusions reaches
91.9% as the inclusion size is 80 lm and the internal diameter of the swirling flow
generator is 250 mm, which indicates that the optimal internal diameter is 250 mm.

The comparison of inclusion removal rates between swirling flow generator and
traditional turbulence inhibitor with the internal diameter of 250 mm was investi-
gated. The sizes of the inclusion particles are set at 20 lm 50 and 80 lm, the results

Fig. 9 Velocity contours in
Plane 2 in rotating chamber
with different internal
diameters of swirling flow
generator
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of which are shown in Fig. 11. The inclusion removal rates increase with increasing
particle size for both the tundish applied with swirling flow generator and tradi-
tional turbulence inhibitor. However, the inclusion removal rate of the tundish with
swirling flow generator is double that of the traditional one for any size of inclusion
particles. The application of the swirling flow generator is feasible to significantly
strengthen the removal of inclusions.

Conclusions

A novel tundish design incorporates a swirling flow generator. The swirling flow
generator was optimized by numerical simulation. The following conclusions are
drawn from this study:

Fig. 10 Removal rates of
different inclusions

Fig. 11 Comparsion of
inclusion removal rates
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(1) By applying the swirling flow generator, a swirling flow of the molten steel is
successfully generated in the rotating chamber in the tundish. The idea of
swirling flow generator takes advantage of the gravitational potential energy of
the molten steel to generate a swirling flow that increases the collision rate of
the inclusion.

(2) The influence of the nozzle immersion depth was investigated. The patterns of
streamlines indicate that the swirling flow is much stronger when the immersing
depth is 900 mm that is 50 mm above the inlet of the swirling flow generator.

(3) The flow characteristics of the molten steel in the tundish with various internal
diameters of the swirling flow generator were studied. The optimized internal
diameter of the swirling flow generator is found to be 250 mm, in which a
steady and symmetrical swirling flow is generated in rotating chamber.

(4) Inclusion particles of various size were tracked in the tundish installed a
swirling flow generator with a series of internal diameters. The highest inclu-
sion removal rate reaches 91.9% when the particle size is 80 lm and the
internal diameter of the swirling flow generator is 250 mm. By comparison
with traditional tundish, the swirling flow generator has the potential to sig-
nificantly improve inclusion removal efficiency.
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Numerical Simulation Study on Design
Optimization of Inner Cavity
Dimensions of Large-Capacity Tundish

Yong Zhong, Mingmei Zhu, Bing Huang and AiPing Zhang

Abstract In this paper, the design and optimization of tundish size for
single-strand slab are studied. A three-dimensional mathematical model is estab-
lished for calculating the flow field and temperature field of molten steel in the
tundish with different length to height (L/H) ratios, width to height ratios (W/H),
and angles of edges. The concentration distribution curves of the tracer at the outlet
are calculated by using component transfer equation. On this basis, the average
residence times and flow patterns of the molten steel can be obtained. The trajec-
tories and the removal ratios of the inclusions are calculated by using Lagrange
particles tracking model and DPM model. The validity of the mathematical model is
verified by the results of water model experiment. The optimized L/H ratio and W/
H ratio are obtained from the numerical simulation results, and it can provide a
theoretical basis for the tundish used in steel mill.

Keywords Tundish � Structure size � Numerical simulation � Residence time
distribution curve

Introduction

The tundish plays an important role as a refining container in the continuous casting
process. The larger the volume of the tundish, the deeper the molten pool, the
longer the average residence time of the molten steel. The probability of inclusions
being lifted up is greater, so the tundish also develops towards a larger capacity. Its
shape and geometrical dimensions play an important role in the flow of molten steel
in the tundish, and the flow of molten steel directly affects the removal of inclu-
sions, which in turn affects the purity of the cast. Therefore, it is important to
optimize the size of the cavity of the large-capacity tundish [1–3]. The methods for
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studying the tundish structure mainly include two methods: physical simulation and
numerical simulation.

However, the flow of molten steel in the actual tundish is a very complicated
transmission process and many factors affecting the flow of molten steel. In order to
save costs, a three-dimensional numerical model method of tundish is used to
analyse the flow field, temperature field, residence time, and inclusion trajectory
and removal rate in the tundish [4, 5]. Optimize the aspect ratio and aspect ratio of
the inner cavity of the single-flow slab, increase the retention time while increasing
the inclusion removal rate. The re-use model is used to verify the feasibility, ensure
the accuracy of the model, and provide a theoretical basis for actual production.

Numerical Simulation Research Method

Model Hypothesis

In the numerical simulation, all the influencing factors in actual production cannot
be considered, and it is impossible to completely simulate all the behaviours of
molten steel flow. So in the simulation, some minor factors affecting the flow
should be simplified. At the same time, it is necessary to ensure that the flow
characteristics of the molten steel in the simulation do not change, so it is necessary
to make some assumptions about the flow of molten steel in the tundish [6]:

(1) It is considered that the tundish molten steel is a viscous, incompressible
Newtonian fluid;

(2) The thermophysical properties of the molten steel such as density, viscosity,
specific heat capacity are constant;

(3) The heat loss of the tundish is mainly caused by heat radiation and heat con-
duction, and the heat transfer process is a three-dimensional steady state
process;

(4) It is assumed that the inclusions are all spherical particles, and the movement of
the inclusions does not affect the flow state of the tundish steel;

(5) Assume that the flow rate is the same across the cross section at the exit of the
ladle.

Basic Equation

The process of describing the physical phenomenon of molten steel in the tundish
has the following equation. Describe the turbulence process using the standard k-e
equation [7, 8].
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(1) Continuity equation
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(5) Heat transfer equation

@T
@t

þ l
@T
@x

þ v
@T
@y

þw
@T
@z

¼ a
@2

@x2
þ @2T

@y2
þ @2T

@z2

� �
þ S

where li and lj represent velocity vectors, xi and xj represent direction vectors,
q is the fluid density, l is laminar viscosity, lt is the turbulent viscosity, and leff
is the effective viscosity of the fluid.
Common values for the coefficients appearing in the above equations are shown
in Table 1.

Table 1 Common values in
the k � e model

Parameter c1 c2 cl rk re

Value 1.43 1.92 0.09 1.0 1.0
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Calculation Method

(1) In this paper, the velocity inlet is used for the ladle nozzle, the outlet is the
pressure outlet, and the velocity value is 0 on the solid wall, and the condition
of no slip boundary is adopted.

(2) In this paper, the SIMPLE pressure coupling method is adopted, and the
convergence criterion is that the residual value is less than 0.001.

(3) After adding the tracer at the nozzle, the concentration response curve at the
outlet of the tundish is obtained using the component transfer equation.

(4) The inclusion particles are regarded as discrete phases, and the Lagrange par-
ticle tracking model and the DPM model are used to calculate the trajectory and
removal rate of the inclusions in the tundish. The calculation parameters are
shown in Table 2.

Simulation Scheme

According to literature research, the capacity range of the tundish is recommended
to be within 50–80t, and the working level of the tundish is controlled at 1100–
1400 mm. The ratio of the bottom length to the height of the working level (L/H)
should be greater than 3.5, and the ratio of the bottom width to the working level
(W/H) is in the range of 0.8–1.0. This shape of the tundish facilitates the removal of
inclusions.

In order to facilitate the research, the working liquid level in this paper is fixed at
1300 mm, the height of the tundish is unchanged at 1550 mm, the long side
inclination angle is 7°, and the wide side inclination angle is 10°. A simulation
study was carried out by changing the ratio of the base length to the working level
height (L/H) and the ratio of the bottom width to the working level height (W/H).

Table 2 Tundish numerical simulation basic parameters

Parameter Data Parameter Data

Steel liquid boundary layer
viscosity

0.0067 kg m−1 s Liquid steel thermal
conductivity

41 w m−1 K−1

Molar mass of molten steel 55.85 kg mol−1 Steel liquid expansion
coefficient

1.0 � 10−4 K−1

Specific heat capacity of
molten steel

750 J kg−1 K−1 Free surface heat flow 15 kw m−2

Steel liquid reference density 7000 kg m−3 Bottom wall heat loss 1.4 kw m−2

Inlet kinetic energy 0:01V2
in m2/s2 Long wall heat loss 3.2 kw m−2

Inlet turbulent dissipation rate 33:33K1:5
in m2/s3 Short wall heat loss 3.8 kw m−2

Inlet temperature 1823 K Export conditions Pressure outlet
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For high-speed single-flow slab tundish, nine different schemes were designed
for the tundish in the range of 50–75t. The effects of L/H and W/H on the flow field
and residence time in the tundish were studied. The specific scheme is shown in
Table 3.

Model Verification

The accuracy of the mathematical model establishment has a great impact on the
final simulation results, and it is related to whether the real flow phenomenon can be
reproduced. The three-dimensional tundish flow field was simulated by Fluent
software, and the results were compared with the stimulus response method in the
physical experiment to verify the correctness of the mathematical model.

The residence time distribution curve (RTD) of any flow control device in the
tundish with L/H of 3.5 and W/H of 1 was measured by water simulation experi-
ment. Comparing the numerical simulation with the physical simulation, it can be
found that the trend of the residence time distribution curve in the air condition in
the tundish is basically consistent, indicating that the established mathematical
model is in line with the actual situation and the model is established reasonably.
The curve is shown below (Fig. 1).

Simulation Results and Discussion

Flow Field in the Tundish

After the simulation is completed, the horizontal cross-sectional flow field at the
symmetrical longitudinal section and the long nozzle outlet in the tundish is
obtained, as shown in the following figures (Figs. 2, 3, 4, 5, 6 and 7).

Table 3 Tundish simulation scheme

Case L/H Bottom
length/
mm

Top
length/mm

W/
H

Bottom
width/
mm

Top
width/mm

Working
capacity/t

1 3.5 4550 5096 1 1300 1681 66

2 3.6 4680 5226 1 1300 1681 67

3 3.7 4810 5356 1 1300 1681 69

4 3.8 4940 5486 1 1300 1681 71

5 3.9 5070 5616 1 1300 1681 73

6 3.5 4550 5096 0.95 1235 1616 63

7 3.5 4550 5096 0.9 1170 1551 60

8 3.5 4550 5096 0.85 1105 1486 57

9 3.5 4550 5096 0.8 1040 1421 54
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Fig. 1 RTD curve for tundish numerical simulation and water simulation with L/H of 3.5 and W/
H of 1

Fig. 2 Case 5 flow field
longitudinal section

Fig. 3 Case 5 flow field
cross section

Fig. 4 Case 1 flow field
longitudinal section
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From the simulation results of the flow field, the flow pattern of the Case 5 is the
most reasonable, the dead volume is smaller than the other case, and the average
speed is the largest. Conducive to the removal of non-metallic inclusions in molten
steel to the surface.

When the base length is less than 3.9, the dead volume begins to increase, which
is not conducive to the inclusions floating up. When the bottom width ratio working
level is lower than 1, the dead volume is larger than the case where the aspect ratio
is 1. Therefore, when L/H is 3.9 and W/H is 1, the tundish flow mode is the most
reasonable.

Temperature Field in the Tundish

The temperature difference between different schemes is shown in Table 4. From
the temperature field, the temperature difference of each case is not very large. The
smallest temperature difference is the group of Case 9; the minimum temperature
difference is 10 °C. The maximum temperature difference is that Case 5 is 21 °C.

Fig. 5 Case 1 flow field
cross section

Fig. 6 Case 8 flow field
longitudinal section

Fig. 7 Case 8 flow field
cross section
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Here is a picture of two sets of simulation results for the minimum temperature
difference and the maximum temperature difference (Figs. 8 and 9).

Inclusion Trajectory

From the trajectory of inclusions, the ratio of the bottom width to the working level
is 1 compared to the scheme below 1. The number of times the inclusions are in

Table 4 Temperature
difference between different
schemes

Case Temperature difference/°C

1 12

2 14

3 17

4 20

5 21

6 17

7 16

8 13

9 10

Fig. 8 Case 5 temperature
field

Fig. 9 Case 9 temperature
field
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contact with the surface of the fresh liquid is large, and the probability of inclusion
removal is large. Below 1 solution, the inclusion trajectory is lower.

In the case where the bottom width and the working level ratio are both, the three
groups of the ratio of the bottom length to the working level height are less than 3.9,
and the inclusion circulation process is weak, which is not favourable for the
floating contact, so the aspect ratio is 3.9. The aspect ratio is reasonable (Figs. 10,
11, 12 and 13).

Average Residence Time and Inclusion Removal Rate

As can be seen from Table 5, the average residence time is the group of Case 5. The
longer the residence time, the higher the removal rate of inclusions. It can also be
seen that in the range of the base width to the liquid level ratio of 0.8–1, the aspect
ratio (W/H) is lowered, the residence time is small, and the inclusion removal rate is
low. Not conducive to the purification of molten steel. Therefore, it is reasonable to
choose 1 for the aspect ratio (W/H).

Fig. 10 Case 5 inclusion
trajectory

Fig. 11 Case 7 inclusion
trajectory

Fig. 12 Case 8 inclusion
trajectory

Fig. 13 Case 1 inclusion
trajectory
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The dead volume of Case 5 is smaller than that of the other 8 Cases, and the
volume of plug flow and full mixed flow is relatively large, so this situation is better
than the other 8 schemes. In addition, the residence time of the scheme 5 is longer,
which provides sufficient time for the inclusions to float, and the corresponding
inclusion removal rate is also the highest, which is beneficial to improve the quality
of the slab.

Conclusion

This paper mainly uses fluent to establish a three-dimensional numerical simulation
method to analyse the flow field, temperature field, inclusion motion trajectory,
average residence time, and inclusion removal rate in large-capacity tundish. The
results show that when the ratio of the bottom length of the tundish to the tundish is
3.9 and the bottom width ratio is 1, the flow mode in the tundish is the most
reasonable, the removal rate of the inclusion rate is relatively high, and the average
residence time is longer. The design of the capacity tundish provides a theoretical
basis.
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Part II
Energy Efficient Clean Metallurgical

Technologies



Preparation of High-Carbon Metallic
Briquette for Coke Saving in Blast
Furnace

Huiqing Tang, Shihong Liu and Kai Fan

Abstract Developments in blast furnace (BF) sector have long focused on coke
saving in ironmaking. In this research, high-carbon metallic briquette was proposed
as a novel BF feeding material for coke saving in BF. The preparing condition of
the proposed high-carbon metallic briquette was optimized regarding its carbon
content, cold strength and crushing strength after the reaction. Gasification beha-
viour of the optimally prepared briquette was examined using a custom-built
thermalgravimetric analysis device. Results showed that the optimal preparation
condition was mhematite/mcoal = 2.0. The activation energy of carbon gasification in
the briquette was 166 kJ/mol; analysis of the effective application of the briquette
indicated that a suitable addition level of high-carbon metallic briquette in the ore
layer in BF could suppress the lump coke gasification.

Keywords High-carbon metallic briquette � Blast furnace � Gasification � Coke
saving

Introduction

Blast furnace(BF) ironmaking is the major hot metal making process in the world
and will remain the same for the foreseeable future. The most important raw
material fed into BF is coke, which constitutes a major portion of the production
costs of hot metal. Due to a low availability of coking coal resources and the
environmental problems in the coke production [1, 2], developments in the BF
sector have long focused on coke-saving technologies.

Most of the coke-saving technologies are concentrated on reducing coke con-
sumption below the cohesive zone in the BF. The major development in this aspect
is the pulverized coal injection (PCI) [3, 4]. Some attention [5, 6] has also been paid
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to reduce coke consumption in the region of the BF shaft with a temperature of
1073 K through 1473 K as approximately 10% of the coke is gasified there by the
carbon solution-loss reaction. Metallic briquette (direct reduced iron and hot bri-
quette iron) have partially replaced the traditional BF iron ore burden in some
countries for improving the productivity of the BF. Metallic briquette is usually
produced from iron ore–carbon agglomerates, and various carbonaceous materials
(coal, biochar and BF flue dust) could be introduced as a solid reducing agent in the
agglomerates. Presently, the carbon content in the obtained metallic briquettes is
approximately 2.0–3.0 wt%. If the metallic briquette could be prepared with a high
carbon content without deteriorating its strength, carbon in the metallic briquette
could also be gasified where the carbon solution-loss reaction occurs. This, in turn,
would alter the BF gas composition and may realize a partial substitution of coke by
the carbon in the metallic briquette.

In this study, the high-carbon metallic briquette was prepared by roasting
cold-bonded iron-oxide–coal agglomerates. The preparing condition of high-carbon
metallic briquette was optimized regarding its carbon content, cold strength, and
crushing strength after the reaction. Thereafter, the gasification behaviour of the
optimally prepared briquette was examined and the effective application of the
briquette in BF was discussed at the same time.

Materials and Methods

Preparation of High-Carbon Metallic Briquette

Non-coking coal and pure iron oxide were used as raw materials. The non-coking
coal powders for PCI operation are supplied by Jianbang Iron & Steel company
(Shanxi, China); its proximate analysis is volatile matter: 20.3wt%, fixed carbon:
69.97 wt%, ash: 9.09 wt% and moisture: 0.91 wt%. The Fe2O3 powders (analytical
reagent grade) were purchased from Sinopharm Chemical Reagent Co.(Shanghai,
China). Mean diameters of Fe2O3 powders and of coal powders were 2.85 and
55.39 µm, respectively.

The iron oxide and coal powders were thoroughly mixed with an addition of 10%
distilled water and 2% organic binder (cellulose). In the mixture, the mass ratio of the
iron oxide fines to the coal fines (mhematite/mcoal) was predetermined. These moistened
fines were pressed into iron-oxide–coal agglomerates using a die under a pressure of
30 MPA. After being air-dried for 24 h, followed by drying in an electric oven at
383 K for 2 h, the dried agglomerates were subjected to roasting in an electric furnace
under N2 atmosphere. During the roasting process, the furnace was heated from room
temperature to 1273 K at a rate of 5 K/min; after maintaining at 1273 K for 30 min,
the furnace was allowed to cool down naturally. The prepared briquettes were with a
cylindrical shape (diameter = 15 mm and height = 15 mm). The mass of each bri-
quette was approximately 6.0 g. In the present research, six briquette samples were
prepared and their preparing conditions are listed in Table 1.
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Strength Tests

The cold strength of the samples was tested using a MJDW-10B electronic uni-
versal testing machine (Maijie Co, Jinan, China). The load speed of the jig was set
at 20 mm/min. The arithmetic mean of five tests for each sample was calculated as
the final value. Method for testing the crushing strength after the reaction of the
briquette samples was the same for the cold strength. Reaction conditions for the
crushing strength tests were determined with a reference to the BF in-furnace
conditions at 1373 K. The briquettes reacted with a gas mixture of 80 vol.% CO–20
vol.% CO2 under 1373 K in an alumina tube reactor (diameter = 45 mm) for
60 min. The gas flow rate into the reactor was 2000 ml/min (standard pressure and
temperature (STP)).

Gasification Tests

Gasification tests of the briquette sample were conducted using a custom-built
thermalgravimetric analysis device. A detailed description of the device is given in
Ref. [7]. The furnace was firstly preheated to the desired temperature and stabilized
for 30 min under N2. One briquette was loaded into the sample holder, preheated at
773 K for 5 min in the upper part of the reaction tube, then introduced into the hot
zone. At this time, the N2 feed was replaced with a CO–CO2 gas mixture and the
mass of the briquette was measured by the electronic scale and recorded by a
computer every 2 s. After the predetermined time, the briquette was withdrawn and
cooled under N2. During the test, the gas flow rate into the reaction tube was
maintained at 3000 ml/min (STP).

Analysis and Characterization

Selected briquettes were analyzed and characterized using the following techniques.
Carbon content was measured using a CS-2800 infrared carbon–sulphur analyzer
(NCS Co., China). Phase examination was conducted by X-ray diffraction
(XRD) using a DMAX-RB X-ray diffractometer (Rigaku Co., Japan).
Microstructure analysis was conducted by SEM using a Quanta-250 scanning
electron microscope (FEI Co., US).

Table 1 Preparing
conditions of different
briquette samples

Sample A B C D E F

(mhematite/mcoal)/- 0 0.5 1.0 1.5 2.0 2.5
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Results and Discussion

Assessment of Briquette Quality

Carbon contents of the six samples are listed in Table 2. Carbon content of the
briquette samples is in a wide range. Sample A, which was prepared using the pure
coal fines, was with a carbon content of 91.0 wt%, and sample F, which was the
briquette prepared undermhematite/mcoal of 2.5, was with a carbon content of 14.9 wt%.

Cold strength of the samples is shown in Fig. 1. It could be seen that the samples
A and F were with a high strength, samples B and E with a medium strength and
samples C and D with a low strength.

Crushing strength after reaction of the samples is shown in Fig. 2. As can be
seen in Fig. 2, after reacting under BF in-furnace conditions of 1373 K, samples A,
B, C and D showed a strength of lower than 1000 N/briquette; however, samples E
and F exhibited a strength of more than 2500 N/briquette.

During BF operation, normal iron-ore–carbon composite briquettes are usually
required to have a strength of more than 1200 N/briquette. With respect to cold
strength, crushing strength after reaction, and carbon content, sample E is consid-
ered to be qualified for the purpose of the present research.

The strength of the briquette is closely related to its microstructure. The iron
oxide powders had been completely reduced in the roasting process. Figure 3
shows the cross-section SEM images of sample E. Figure 3a shows that metallic
iron grains are highly dispersed in the briquette and Fig. 3b shows that the iron
particles are with a size of less than 15 µm and with various shapes, and they are

Table 2 Carbon contents of different samples

Sample A B C D E F

Carbon content(wt%) 91.0 65.5 45.7 33.4 25.6 14.9

Fig. 1 Cold compressive
strength of different briquette
samples
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intimately adhered to the surfaces of the carbon particles forming a network. Thus,
it is considered that the bonding force of sample E was originated from the for-
mation of a primary network by the tiny iron fibres.

Figure 4 shows the cross-section SEM images of sample E after the reaction.
Figure 4a shows that metallic iron grains become larger. Figure 4b shows that some
iron grains partially coalesced around the carbon particle, indicating that the iron
network structure had been strengthened in the briquette; therefore, the strength of
the briquette got increased after the reaction.

Fig. 3 SEM images in the cross section of Sample E: a morphology of the briquette;
b morphology of the iron grains (white) and of the carbon particles (grey)

Fig. 2 Crushing strength after reaction of different samples

Preparation of High-Carbon Metallic … 69



Gasification of High-Carbon Metallic Briquette

Calculation of activation energy is useful to estimate the reactivity of the briquette.
Reaction kinetics of the briquette gasification were studied under temperature
ranging from 1273 K to 1373 K in a gas atmosphere of 80 vol.% CO–20 vol.%
CO2. Under this condition, iron oxidation is not able to take place. Plots of carbon
gasification fraction(f) against time(t) under different temperatures are depicted in
Fig. 5. In Fig. 5, carbon gasification fraction was calculated by Eq. (1)

f ¼ �1:0� Dm=ðm0½%C�Þ ð1Þ

where [%C] is the carbon content in sample E and is available in Table 2.

Fig. 4 SEM images in the cross section of sample E after the reaction: a morphology of the
briquette; b morphology of the iron grains (white) and of the carbon particles (grey)

Fig. 5 Gasification of sample
E under different temperatures
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For a kinetic study, it is important to know the controlling step of the briquette
gasification rate. Under the experimental temperature range, increasing the gas flow
rate had a negligible effect on the carbon gasification rate; therefore, it was con-
cluded that the briquette gasification was not controlled by the external gas diffu-
sion. Diameter and height of the briquette were nearly equal, so its shape was
considered to be spherical. Thus, carbon gasification in the briquette can then be
described using the unreacted shrinking core model. The high-carbon metallic
briquette is porous. The model is thus formed on the basis of control by chemical
reaction and is described by Eq. (2).

1� ð1� f Þ13 ¼ kt ð2Þ

where k is the temperature-dependent rate constant(1/s).
Figure 6 shows the results of the reaction-controlling mechanism estimation

under different temperatures. The lines in Fig. 6 are regressed using the least square
method. The correlation coefficient (adj. R-square) under each temperature is larger
than 0.99, indicating that the dominant mechanism of the briquette gasification
under the tested temperatures is the chemical reaction.

The gasification kinetics of the briquette can be reasonably described using
Eq. (2). In Fig. 6, the value of k under each temperature was calculated using the
slope of the fitting line and they were 3.303 � 10−5, 5.93 � 10−5 and 1.05 � 10−4

1/s under 1273, 1323 and 1373 K, respectively. It was found that ln k had a linear
relationship with 10,000/T as depicted in Fig. 7, so it can be stated that the gasi-
fication of the briquette followed the Arrhenius law expressed as Eq. (3).

k ¼ k0e
�E=RT ð3Þ

where k0 is the pre-exponential factor(1/s). E is the activation energy(J/mol) and T is
the temperature(K), respectively.

From the slope of the fitting line in Fig. 7, the activation energy of the briquette
is calculated to be 169 kJ/mol. Activation energy of conventional coke gasification
is mostly more than 200 kJ/mol. Compared to the coke, CO2 reactivity of the
briquette is much higher. Iron matters are usually considered to have a catalytic
effect on the carbon solution-loss reaction. In the briquette, the freshly generated

Fig. 6 Result of reaction-controlling mechanism identification by Eq. (3) under different
temperatures: a 1273 K; b 1323 K; c 1373 K
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iron grains were intimately adhered to the surfaces of the carbon particles, forming
many activated centres. Accordingly, the carbon solution-loss reaction could be
catalyzed.

Effective Application of High-Carbon Metallic
Briquettes to BF

In BF operation, coke and iron ore materials are fed alternatively at the top of the
furnace using the charging device. Layered structures of coke and ore are formed in
the shaft. Coke is gasified in the BF shaft by CO2 following the carbon solution-loss
reaction. The carbon gasification is controlled by the partial pressure of CO2 in BF.
The high-carbon metallic briquette could be charged with a suitable additional level
in the ore layer in BF. Due to the briquettes with a high CO2 reactivity, the carbon
in briquette is preferentially consumed and CO2 from iron oxide reduction could be
converted to CO immediately. Therefore, CO2 concentration in the coke layer
drops. When the briquettes reach the cohesive zone, carbon content in the briquette
becomes low. The analysis of the effective application of the briquette indicates that
the presence of high-carbon metallic briquette in the BF burden could give a
positive effect on suppressing coke gasification and would not influence the per-
meability of the lower part of BF.

Conclusions

(1) The high-carbon metallic briquette can be optimally prepared with mhematite/
mcoal of 2.0. The briquette is with a carbon content of 25 wt% and with both cold
strength and crushing strength after reaction of more than 1200 N/briquette. Its
quality meets the requirement of the BF process.

Fig. 7 Arrhenius plot
calculated using Eq. (3)
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(2) The activation energy of the briquette is 169 kJ/mol, compared to the con-
ventional coke. Its CO2 reactivity is much higher.

(3) The briquette can be charged into BF with the ore layer. A suitable mixing
level of the briquette could increase the partial pressure of CO in BF gas, sup-
pressing coke gasification. Moreover, it would not influence the permeability of the
lower part of BF.
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Study of Siderite Fluidized
Magnetization Roasting and Magnetic
Separation

Qiang Zhao and Jilai Xue

Abstract The development and utilization of siderite is worldwide difficult prob-
lem. The conventional beneficiation methods only can get iron concentrate with
iron grade 45–50% and recovery 40–55%; the resource utilization is low. The
research creatively applies fluidization technology in aluminium industry to
refractory iron ore roasting, aiming at siderite with TFe35.19% and iron carbonate
content 91.28%, in the best fluidized magnetization roasting conditions, by one
magnetic separation; the magnetic concentrate with iron grade 59.17% and recovery
rate 73.74% was obtained; and the index is good. Fluidized magnetization roasting
is the proper process for refractory siderite resource; it is of great significance to
enhance the competitiveness of domestic iron ore concentrate and ensure the safety
of China’s iron ore supply.

Keywords Siderite � Fluidization � Magnetizing roasting � Magnetic separation

Introduction

In China, the reserves of iron ore are 85.08 billion tons, because the refractory iron
ore characteristics are poor, thin, scattered and miscellaneous, the utilization cost is
high. The beneficiation problem of refractory iron ore such as siderite was unre-
solved; the iron ore concentrate with 45–60% recovery and 45–55% iron grade was
got by conventional physical beneficiation method [1–3]. Studies showed that
magnetization roasting-weak magnetic separation was the best way to deal with this
kind of ore [4, 5]; magnetization roasting which had been used to industry in the
early stage was rotary kiln and shaft furnace. However, the existing problems
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included high heat consumption, long roasting time, low iron recovery, low
equipment operating rate and uneven quality of roasted ore; the large-scale
industrial application was seriously restricted. The fluidized magnetization roasting
technology was the most promising technology to treat siderite resources at the
present stage [6–11].

In this study, a detailed fluidized magnetization roasting-magnetic separation
experiment was carried out for a siderite from Guizhou, China, expecting excellent
test indicators. The factors such as fluidizing velocity, roasting temperature,
roasting time and grinding fineness were explored. The raw ore was characterized
by X-ray diffraction (XRD), elemental composition analysis, scanning electron
microscopy (SEM) and optical microscopy. Characterization of the roasted ore was
detected by SEM and XRD; the iron concentrate was estimated by elemental XRD
and composition analysis.

Raw Material

The chemical compositions of the raw siderite ore sample are shown in Table 1.
The iron content was 35.19%, while the main impurities include SiO2, CaO, Al2O3

and the loss on ignition (LOI) reached up to 25.74%. The chemical phases and
distribution of iron in siderite ore are shown in Table 2. XRD analyses of siderite
ore are shown in Fig. 1. It was noted that most of iron existed in siderite phase,
which accounted for a proportion of 91.28% in the total iron.

Table 1 Chemical compositions of siderite ore sample (wt%)

TFe Fe2O3 FeO SiO2 CaO MgO Al2O3

35.19 2.58 40.89 15.33 2.93 1.61 3.14

MnO K2O Na2O As2O3 P S LOI
0.32 0.080 0.024 0.012 0.01 0.08 25.74

Table 2 Chemical phases and distribution of iron in siderite ore (wt%)

Minerals Siderite Haematite Magnetite Ferrocite Iron sulphide Total

Content 32.12 1.39 0.45 0.99 0.24 35.19

Fraction 91.28 3.95 1.28 2.81 0.68 100.00
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Experiment Methods and Evaluation Standard

Experiment Methods

The test installation diagram was shown in Fig. 2. First, the furnace tube was cleaned
by the inert gas(N2). Then, the raw ore materials were added to the furnace from
charging hopper for fluidized magnetization roasting at designed temperature and
duration. When the magnetization roasting test was finished, the roasted ore was
blown out by water cooling. Next, the wet roasted product was dried at 100 °C for at
least 2 h in the oven. And then the dried ore was dressed by wet magnetic separation
for 15 min in an XCGS-73 Davis magnetic tube at a magnetic field strength of
0.15 T. Finally, both dry concentrate and tailings were chemically analysed.

Evaluation Standard

At home and abroad, some researchers had used the magnetization rate or con-
version rate to characterize the effect of magnetization roasting; some researchers
had used the iron grade and recovery rate of magnetic concentrate to evaluate it.
This study mainly adopted the latter as the evaluation standard.

Results and Discussion

The flash magnetization roasting test was carried out in the self-developed roasting
equipment; the effects of fluidization velocity, roasting time, roasting temperature
and fineness of grinding were investigated.
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Fluidizing Velocity Test

The test conditions were as follows: the feed ore fineness was −0.074 mm 55.63%,
roasting temperature was 800 °C, roasting atmosphere was 100% N2, and roasting
time was 3 min; after roasting, roasted ore was directly disposed by weak magnetic
separation without ball milling, magnetic field intensity was 0.25 T, and the
influence of gas fluidization velocity on the magnetic concentration was investi-
gated, which was presented in Fig. 3.

The experimental tests results showed that in the case of low gas fluidizing
velocity(0.20–0.30 m/s), the magnetic concentration index was better, the iron
grade of magnetic concentrate was about 57%, and the recovery rate was about
78%. When the fluidizing velocity increased to 0.6 m/s, the iron grade changed a
little, but the recovery decreased to 68.76%, and the decrease was significant.
With the increase of fluidization velocity, the recovery rate decreased, this indi-
cated that the gas fluidization velocity was too fast and was not conducive for
magnetization. This was because as the gas fluidization speed increased, the

Fig. 2 Test installation diagram of fluidized magnetizing roasting unit(1—draught fan, 2—gas
generator, 3—reacting furnace, 4—charging hole, 5—materials receiver, 6—exhaust pipe,
7—changeover valve, 8—changeover valve, 9—regulating valve, 10—wind-distribution plate,
11—draught fan, 12—control valve, T—temperature measuring port, andQ–gas flow measurement
points)
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material would also be sprayed to a higher height, the existence form was too
dispersed, the gas-solid contact probability decreased, and the magnetization
effect became worse. Therefore, the selected gas fluidization velocity was 0.30 m/
s for the follow-up study.

Roasting Time Tests

The test conditions were as follows: the feed ore fineness was −0.074 mm 55.63%,
roasting temperature was 800 °C, roasting atmosphere was 100% N2, and gas
fluidization velocity was 0.3 m/s; after roasting, roasted ore was directly disposed
by weak magnetic separation without ball milling, magnetic field intensity was
0.25 T, and the influence of roasting time on the magnetic concentration was
investigated, which was presented in Fig. 4.
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The experimental tests results presented that when the roasting temperature was
800 °C, the flash roasting time was extended from 0.25 to 3 min, the iron grade of
magnetic separation concentrates increased from 53.47 to 56.88%, while the
recovery decreased from 88.84 to 78.43%. The longer the flash roasting time, the
higher the iron grade and the lower the recovery. Considering the double index of
iron grade and recovery, this study selected roasting time 0.50 min for follow-up
study; at this time, the iron grade was 53.39% and the recovery was 90.50%.

Roasting Temperature Tests

The test conditions were as follows: the feed ore fineness was −0.074mm 55.63%,
roasting time was 0.5 min, roasting atmosphere was 100% N2, and gas fluidization
velocity was 0.3 m/s; after roasting, roasted ore was directly disposed by weak
magnetic separation without ball milling, magnetic field intensity was 0.25 T, and
the influence of roasting temperature on the magnetic concentration was investi-
gated, which was presented in Fig. 5.

It was noted that when the flash roasting time was 0.5 min, the roasting tem-
perature increased from 700 to 900 °C, the iron grade increased from 50.92 to
57.33%, while the recovery rate increased from 81.09 to 90.78% and then fell to
68.17%. It was indicated that with the increase of roasting temperature, the high
temperature decomposition and reduction of siderite was increased. When the
roasting temperature was in the range of 750–800 °C, the recovery was about 90%.
The roasting temperature continued to rise, but the recovery rate of iron was
decreasing; it was demonstrated that there was a reduction phenomenon, and the
FeO was generated, the magnetic drop of roasted ore led to decrease of recovery.
Therefore, the roasting temperature 750 °C was chosen to carry out the subsequent
experiments.

Fig. 5 Influence of roasting
temperature on the magnetic
concentration index
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Grinding Fineness Tests

The test conditions were as follows: roasting temperature was 750 °C, roasting time
was 0.5 min, roasting atmosphere was 100% N2, and gas fluidization velocity was
0.3 m/s; after roasting, roasted ore was disposed by ball milling, magnetic field
intensity was 0.25 T, and the influence of grinding fineness on the magnetic con-
centration was investigated, which was presented in Fig. 6.

The roasted ore structure of siderite after magnetization roasting was relatively
loose, which was beneficial to improve the grinding effect and reduce the grinding
cost. The results showed that with the extension of grinding time, the size of roasted
ore became finer, the iron grade increased from 53.51 to 61.30%, while the recovery
was reduced from 90.78 to 66.80%. Obviously, the improvement of grinding
fineness was good for increasing iron grade, but it had great influence on iron
recovery. After taking into account all the factors, the grinding fineness −0.045 mm
95.3% was selected, this time the iron grade was 59.17%, and the recovery was
73.74%.

Comprehensive Process Conditions

The optimum technological condition for the siderite fluidized magnetization
roasting-magnetic separation was as follows: the feed ore fineness was −0.074 mm
55.63%, roasting temperature was 750 °C, roasting time was 0.5 min, roasting
atmosphere was 100% N2, gas fluidization velocity was 0.3 m/s, grinding fineness
was −0.045 mm 95.3%, and magnetic field intensity was 0.25 T. The iron con-
centration with 59.17% iron grade, and 73.74% recovery was obtained. Table 3 was
the chemical composition of magnetic concentrate obtained under this condition.
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Conclusions

(1) The development and utilization of siderite is worldwide difficult problem; the
conventional beneficiation methods only can get iron concentrate with iron
grade 45–50% and recovery 40–55%; and the resource utilization is low.
Studies showed that magnetization roasting-weak magnetic separation was the
best way to deal with this kind of ore

(2) The optimum technological condition for the siderite fluidized magnetization
roasting-magnetic separation was as follows: the feed ore fineness was
−0.074 mm 55.63%, roasting temperature was 750 °C, roasting time was
0.5 min, roasting atmosphere was 100% N2, gas fluidization velocity was
0.3 m/s, grinding fineness was −0.045 mm 95.3%, and magnetic field intensity
was 0.25 T. The iron concentration with 59.17% iron grade and 73.74%
recovery was obtained. It was important to show that fluidized magnetization
roasting was the appropriate process for the treatment of refractory siderite
resources, and it was of great significance to improve the competitiveness of
domestic iron concentrate and guarantee the safe supply of iron ore in China.
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Emission Profile of PM10 and PM2.5
in Iron Ore Sintering Process
and Control Technology

Zhiyun Ji, Xiaohui Fan, Min Gan, Xuling Chen, Wei Lv,
Guojing Wong and Tao Jiang

Abstract Controlling the emission of ultra-fine particulate matters (PM10 and
PM2.5) in sintering process is significant for green iron & steel manufacturing. In
this investigation, the emission profile and control technique of PM10 and PM2.5

during sintering process were studied. PM10 and PM2.5 characterized high emission
concentration in special sintering areas, which were sintering stage-4 to stage-6, and
sintering stage-4 to stage-5, respectively. The emission load of PM10 and PM2.5 in
special areas accounted for about 63.5 and 47.0% of the total, respectively. Based
on these properties, spraying organic binder solution on granules during granulation
process was found to improve the absorption efficiency of sintering bed to PM10

and PM2.5, which made them intensively emitted within sintering stage-5 and
stage-6, with accounting for 74.8 and 74.2% of the total. The research findings were
helpful to realize the efficient and economic control of PM10 and PM2.5 in practical
sintering plants.

Keywords Iron ore sintering � PM10 and PM2.5 � Emission profile � Efficient
control

Introduction

Iron ore sintering process is the main source of PM10 and PM2.5 throughout the
whole steelmaking chain, accounting for 40% of the total amount. As PM10 and
PM2.5 characterized huge specific surface area and high surface activity, they ten-
ded to be the carrier of heavy metals, alkali metals and persistent organic pollutants
generated or removed from high-temperature process [1, 2]. After being released
into the atmosphere, PM10 and PM2.5 formed aerosol, which acted as the induce-
ment of hazy weather, smog episode and ozone depletion, etc. The environmental
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problems caused by PM10 and PM2.5 have been exerting serious threat to human
health [3]. Therefore, controlling the emission of PM10 and PM2.5 during sintering
process contributed to reducing the emission of ultra-fine particulate matters from
the entire iron & steel industry, which is of great significance for green iron & steel
manufacturing.

Unfortunately, current research about PM10 and PM2.5 mainly focused on coal
combustion area, and the characteristics, formation mechanism and controlling
techniques were systematically studied or developed [4, 5]. However, the research
in sintering area is just the beginning, the reports gave the basic physicochemical
properties and emission property of dust emitted from the stack, while there was
little research about the emission rule, physicochemical property of PM10 and PM2.5

during sintering process [6, 7]. According to our knowledge, there are even no
direct controlling techniques for reducing the emissions of PM10 and PM2.5 from
sintering flue gas. In this investigation, the emission rule of PM10 and PM2.5 was
examined, and a controlling technique aimed at regulating the intensive emission of
PM10 and PM2.5 during sintering process was studied as well, which could guide
the efficient and economic control of ultra-fine particulate matters.

Materials and Methods

Raw Materials

The raw materials used in this investigation included iron ores, fluxes, return fines
and solid fuel, the chemical composition of which can be found in Table 1. For
meeting the requirements of blast furnace for ironmaking, the basicity (mass ratio of
CaO/SiO2), and contents of SiO2 and MgO were kept at 1.8, 5 and 2.2%,
respectively.

Experimental Methods

A laboratory-scale sinter pot with size of U180 mm *700 mm was used to simulate
the practical sintering process. A natural gas-fuelled ignition hood was used to

Table 1 Chemical composition of raw materials

Material types Chemical compositions% LOI%

TFe FeO SiO2 CaO MgO Al2O3

Iron ore mix 58.79 4.50 5.49 2.44 0.87 1.88 4.97

Quicklime 0.20 – 0.62 77.8 0.7 0.70 15.45

Dolomite 0.19 – 0.36 32.07 18.38 0.03 45.79

Coke breeze 0.84 0.14 7.05 1.01 0.19 4.68 84.88

Return fines 54.17 6.18 5.22 10.16 2.29 1.80 ′1.91
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ignite the coke breeze in the surface mixture, under ignition temperature of
1100 ± 50 °C for 1 min, heat preservation temperature of about 950 °C for
0.5 min, and ignition pressure of 5 kPa. While the pressure was adjusted to 10 kPa
during the sintering process with the support of a downdraught system, the whole
sintering process started from the ignition to the burning through point at which the
sinter waste gas had reached its maximum temperature, during which a K-type
thermocouple was used to record the change of flue gas temperature (FGT). For
each individual sampling case, a low-pressure cascade impactor (Model WY-1,
China) was used to collect particulate matter from flue gas, as shown in Fig. 1.

During the sampling process, PM samples were collected by Whatman QMA
Quartz fibre filters with the help of the low-pressure cascade impactor. To elucidate
the PM emission properties during an integrated sintering process, six typical
sintering stages have been divided according to the FGT curve (Fig. 2). Among
them, stage-1 referred to the ignition period, stage-2 showed the gradually stabi-
lizing process of FGT, stage-3 indicated the stable process of FGT, stage-4 was the
short period before the rise of FGT, stage-5 and stage-6 comprised the first half and
the second half of FGT rising process.

After the particle-bearing flue gas being sucked into the impactor through a
sampling probe, PM was automatically segregated into 0.7–1.4, 1.4–2.5, 2.5–3.6,
3.6–5.0, 5.0–6.9, 6.9–10 lm according to their aerodynamic diameters. The mass
of PM collected in each case was determined by weighing the substrates before and
after the sampling with a Sartorius BT125D microbalance (accuracy: 0.01 mg).
Relevant equation for calculating the mass concentration of PM is given in Eq. (1).

C ¼ m1 � m0R t
0 Svtdt

ð1Þ

180mm

70
0m

m

Stainless steel cylindrical pot

Hearth layer

Stainless steel windbox

Refractory grate

Thermocouple K-type

Flue gas flow

Raw
mixtures

PM sampling probe 

Cascade Impactor

Fig. 1 Schematic diagram for PM sampling from sintering flue gas
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Where C indicates the mass concentration of PM of each sintering stage (mg/
m3); m1 and m0 indicate the mass of filter after and before sampling (mg); t indicates
the sampling time (s); S indicates the cross-sectional area of the sampling probe
(m2); vt indicates the real-time linear velocity of the flue gas (m/s).

For guaranteeing the accuracy of PM quantitative analysis, isokinetic sampling
is the prerequisite. To achieve this goal, the real-time linear velocity of flue gas is
calculated on the basis of real-time flue gas flow and the dimension of the flue. This
information serves as the guidance to adjust the linear velocity of sampling, thereby
making linear velocity of gas flue and sampling equal. Besides, the sampling time
was properly set so that the mass of PM collected in each stage was less than 10 mg
to avoid particles bounce off from the substrates. The PM sampling was repeated at
least three times for each combustion test case to ensure satisfactory reproducibility
and accuracy. After that, the upper part of particles was removed from the filter
using a scalpel for further characterization.

An absorption layer consisted of wet mixture was employed to examine the
absorption efficiency to PM10 and PM2.5. During the research, a kind of polymer
organic binder solution was sprayed onto the surface of granules with its purpose to
change the absorption behaviour to particulate matters. Equation (2) was used to
calculate the absorption efficiency of wet mixture layer to PM10 and PM2.5.

g ¼ CO � CLð Þ
CL

� 100% ð2Þ

Where η is the absorption efficiency of wet mixture layer; CO is the emission
concentration of particulate matter before passing the wet mixture layer, mg/m3; CL

is the emission concentration of particulate matter before passing the wet mixture
layer, mg/m3
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Results and Discussion

Emission Property of PM10 and PM2.5

With the sintering process proceeding, the emission property of PM10 and PM2.5

from different sintering stages can be found in Figs. 3 and 4, respectively. It can be
found that the emission concentration of PM10 and PM2.5 was the lowest in stage-1,
while their emission concentration showed ever-increasing tendency from stage-2
to stage-4. After that, the emission concentration of PM10 and PM2.5 in stage-4 was
considerably higher than them in stage-1 to stage-3. The emission concentration of
PM10 and PM2.5 reached the peak value in stage-5, while a drop again can be
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observed in stage-6. Consequently, the emission property of PM10 and PM2.5 was
similar, which characterized high-proportion emission area, with stage-4 and
stage-5 for PM2.5, and stage-4 to stage-5 for PM10. According to the accumulation
of emission concentration of PM10 and PM2.5 from the whole sintering process, the
proportion emitted from high-proportion emission areas reached 63.5 and 47.9% of
the total for PM10 and PM2.5, respectively.

Figure 5 gives the proportion of PM2.5 in PM10 during the whole sintering
process for laboratory test. It can be found that the ratio of PM2.5 to PM10 was
relatively lower at stage-1 and stage-6, which indicated that more bigger particles
emitted from these stages. Moreover, the ratio reached the highest level at stage-2
and stage-3, which implied that PM2.5 was the main emitted particles in these
stages. The ratio of PM2.5 to PM10 was similar in stage-4 and stage-5, while it was
lower than that in stage-2 and stage-3.

Figure 6 shows the emission concentration of particles with different diameters
during sintering process. It can be found that the emission concentration of particles
with size range of 6.9–10 and 0.7–1.4 lm was obviously higher than others in
sintering stage-1. Moreover, the emission concentration of particulate matters in
stage-2 and stage-3 exhibited an increasing tendency with size reducing, and a great
increase can be found for the particles within 0.7–1.4 lm. This phenomenon well
agreed with the high PM2.5/PM10 in these stages. The emission concentration of
particles with size range of 6.9–10 and 0.7–1.4 lm were considerably higher than
other particles in stage-4. The particles range from 0.7 to 1.4 lm was much higher
than other bigger particles in stage-5. Unlikely, the emission concentration of
particles with size range of 5.1–6.9 and 6.9–10 lm was much higher than other
particles, which resulted in the low proportion of PM2.5 in PM10.
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Influences of Adding Organic Binder on Emission
Property of PM10 and PM2.5

According to the research above, the emission of PM10 and PM2.5 characterized
high-concentration area, the reason can be probably attributed to the scrubbing
function of wet mixture, where similar effect has been found for coarser particles.
Moreover, the absorbed particles would be released when the high-temperature
layer approached the bottom layer. [6, 7] For changing the absorption capacity of
wet mixture layer, a kind of polymer binder (mainly consisted of C, H, and O)
solution was sprayed onto the surface of granules, with its purpose to improve the
absorption capacity.

Figure 7 gives the influences of adding polymer organic binder on emission
concentration of PM10 and PM2.5. It can be found that with the concentration of
organic binder increasing, the emission concentration of PM10 and PM2.5 showed
decreasing tendency, which indicated that adding organic binder improved the
absorption capacity of wet mixture layer. Compared with the case without adding
organic binder, the emission concentration of PM10 and PM2.5 for the case adding
organic binder with concentration of 0.5% dropped from 8.87 and 13.73 mg/m3 to
5.15 and 8.56 mg/m3. Accordingly, the absorption efficiency of wet mixture layer
increased from 59.97 and 64.23% to 76.74 and 77.70%. The reason for this phe-
nomenon can be described that when spraying binder onto granules, the bed
exhibited stronger absorption capacity with the help of adhesive force of binders,
which made PM more efficiently captured and temporarily retained by the bed.

Based on the above research, the influence of adding polymer organic binder on
the emission property of PM10 and PM2.5 during the sintering process were
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investigated, and the results were shown in Tables 2 and 3. It can be found that the
emission concentration of both PM10 and PM2.5 were decreased to low level from
sintering stage-2 to stage-4 after adding organic binder. Especially for the PM10 and
PM2.5 emitted from stage-4, which presented an obvious drop. Compared with the
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Table 2 Influence of strengthening sintering layer absorption on PM10 emissions

Sintering
stages

PM10/(mg/m3) Proportion of PM2.5 emitted from
high-concentration area%

Before
strengthening

After
strengthening

Before
strengthening

After
strengthening

Stage-1 3.7 3.3 – –

Stage-2 13.5 6.5 – –

Stage-3 18.2 9.0 – –

Stage-4 42.9 15.7 63.5 –

Stage-5 55.2 105.3 74.7

Stage-5 38.9 59.0

Table 3 Influence of strengthening sintering layer absorption on PM2.5 emissions

Sintering
stages

PM2.5(mg/m3) Proportion of PM2.5 emitted from
high-concentration area%

Before
strengthening

After
strengthening

Before
strengthening

After
strengthening

Stage-1 1.6 1.6 – –

Stage-2 10.2 3.7 – –

Stage-3 14.6 5.6 – –

Stage-4 27.0 8.7 47.9 –

Stage-5 37.4 66.9 74.2

Stage-6 7.9 27.7 –
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case no binder added, the emission concentration of PM10 from the stage-2 to
stage-4 dropped from 13.5, 18.2, and 42.9 mg/m3 to 6.5, 9.0, and 15.7 mg/m3,
while that of PM2.5 dropped from 10.2, 14.6 and 27.0 mg/m3 to 3.7, 5.6 and
8.7 mg/m3. Moreover, the emission concentration of PM10 and PM2.5 emitted from
stage-5 and stage-6 for the case with organic binder added were higher that no
binder added. Especially for particles emitted from stage-5, the emission concen-
tration increased considerably from 55.2 to 105.3 mg/m3 for PM10, and from 37.4
to 66.9 mg/m3 for PM2.5. Accordingly, the accumulated emission load of PM10 and
PM2.5 during the high-concentration area increased from 63.5 and 47.9% to 74.8
and 74.2% after adding binder.

Consequently, the absorption capacity of wet mixture to PM10 and PM2.5 from
stage-2 to stage-4 was effectively improved after adding organic binder, which
contributed to decreasing their emission concentration to a lower level. However,
the particles absorbed by wet mixture layer were rereleased into the flue gas from
stage-5 and stage-6, where no wet mixture layer existed. The narrowed high-
concentration emission property paved the way the intensive control of PM10 and
PM2.5 within special sintering stages, which facilitated the efficient and economic
reduction of PM10 and PM2.5.

Conclusions

(1) PM10 and PM2.5 characterized high emission concentration in special sintering
areas, and they were sintering stage-4 to stage-6, and sintering stage-4 to
stage-5, respectively. The emission load of PM10 and PM2.5 in special areas
accounted for about 63.5 and 47.0% of the total, respectively.

(2) Spraying polymer organic binder solution on the surface of granules helps to
improve the absorption efficiency of wet mixture layer to PM10 and PM2.5,
which made them intensively emitted within sintering stage-5 and stage-6, with
accounting for 74.8 and 74.2% of the total. The research findings pave the way
for realizing the efficient and economic control of PM10 and PM2.5 in practical
sintering plants.
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Viscosity Properties of Mould Flux
Under Low-Frequency Electromagnetic
Field

Wei Qian, Yu Wang and Lu-ming Zhao

Abstract The effects of magnetic field intensity, magnetic field frequency and
Al2O3 content on the viscosity of molten slag in a low-frequency magnetic field
were studied in this paper. The flow field of mould flux under low-frequency
electromagnetic field was simulated by the finite element software. The experi-
mental results showed that under the condition of this experiment, the magnetic
field intensity increased from 0 to 30mT, and the viscosity of mould flux (1573 K)
increased by 0.8–1.7 poise; the magnetic field frequency ranged from 6 to 12 Hz,
and the viscosity(1573 K)increased by 0.9–1.6 poise; the content of Al2O3

increased from 3 to 7%, and the viscosity (1573 K) increased by 0.9–2.1 poise.
Numerical simulation results showed that the flow field of mould flux is changed
under low-frequency electromagnetic field, the amount of the slag in the disordered
flow state increased and the viscosity increased.

Keywords Keywords � Low frequency � Viscosity

Introduction

Mould flux is a very important functional material in the process of continuous
casting in modern iron and steel industry [1–3]. It plays an important role in the
smooth progress of continuous casting process and the improvement of slab surface
quality [4, 5]. Mould flux viscosity is a measure of the capacity of slag to flow into
the slab and mould under certain temperature and shear force [6]. Therefore, the
proper viscosity is the key to ensure that the mould flux can be smoothly filled into
the channel between the mould and the billet, to ensure the thickness of the slag
film, to ensure a reasonable heat transfer rate and lubrication of the billet.
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At present, the research on the viscosity properties of electromagnetic continu-
ous casting mould flux is limited to high-frequency magnetic field and static
magnetic field. The frequency of some electromagnetic stirring is lower in actual
continuous casting production. Therefore, it is of great significance to the study of
the viscosity properties of electromagnetic continuous casting mould flux under
low-frequency magnetic field.

The effects of magnetic field intensity, magnetic field frequency and Al2O3

content on the viscosity of molten slag in a low-frequency magnetic field were
studied by a rotating viscosity tester in this paper. The flow properties of mould flux
under low-frequency magnetic field were simulated by finite element software, and
the mechanism of low-frequency electromagnetic field on the viscosity of mould
flux was explored.

Experimental Procedure

Experimental Apparatus

SB6 rotary viscometer is adopted in this experiment, compared with other types of
viscometers, it has the advantages of high temperature resistance, suitable for
electromagnetic environment and accurate measurement. Its device is shown in
Fig. 1. The relevant equipment parameters of the viscosity test system are shown in
Table 1.

Experimental Method

In order to meet the design principle of the mould flux, the mould flux used in a
factory is directly used as the base slag. Because the main inclusion absorbed by the
mould flux is Al2O3, so the content of Al2O3 is changed and the alkalinity was kept
unchanged, which meets the requirement of taking Al2O3 as the variable in this
experiment. The mould flux used in the experiment is shown in Table 2.

Based on the actual continuous casting production and numerical simulation
experiment, the magnetic field intensity of magnetic field to the viscosity of slag is
0–30 mt, and the magnetic field frequency is 6–12 Hz.

In this experiment, the alternating magnetic field is used. The magnetic field
frequency parameters can be adjusted directly, but the magnetic field intensity
needs to be changed by adjusting the current. The relationship between the mag-
netic field intensity and the current is shown in Table 3.

The single variable was studied by two groups of experiments, and the first one
was to set the magnetic field intensity 8 Hz at 1573 K and to measure the viscosity
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Fig. 1 A schematic diagram of a viscosity testing device under electromagnetic field

Table 1 Viscosity test device parameters

Property Parameter Property Parameter

Sling material Steel wire Probe speed 12 r/min

Suspender material Molybdenum Viscosity range 10−2*30 Pa s

Probe material Corundum Viscosity accuracy �2:5% F.S

Table 2 Chemical composition of protective slag for experiment (mass%)

CaO SiO2 Al2O3 CaF2 Na2O MnO Sample

39.69 39.69 3.00 4.84 4.29 2.96 M (1)

38.69 38.69 5.00 4.84 4.29 2.96 M (2)

37.69 37.69 7.00 4.84 4.29 2.96 M (3)
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of the slag by changing the frequency of the electromagnetic field and the content of
the alumina component. As shown in Table 4

In the second experiment group, when the temperature is 1573 K, the magnetic
field frequency is 20 mT. The viscosity of the powder is measured by changing the
intensity of the electromagnetic field and the content of alumina (Table 5).

Results and Discussion

As shown in Fig. 2, the viscosity (1573 K) becomes larger as the magnetic field
becomes larger. When the magnetic field intensity increased from 0 to 30 mT,
viscosity (1573 K) increased by 0.8–1.7 poise. This is due to mould flux is mainly
composed of SiO4

−. When applying low-frequency magnetic field, it receives
electromagnetic force with changing direction and magnitude, and polarizes
repeatedly, which promotes the increase of covalent bond fraction. It forms more
complex silica complex ions by attracting each other. Therefore, with the increase
of magnetic field strength, the viscosity of mould flux increases.

As can be seen from Fig. 3, the viscosity (1573 K) of mould fluxes increases
with the increase in magnetic field frequency. From 6 to 12 Hz, the viscosity
(1573 K) increases by 0.9–1.6 poise. This is because the induced electric field in the
slag increases with the increase in magnetic field frequency under the condition of

Table 3 The correspondence
between magnetic field
intensity and current size

B/mT 0 10 20 30

f/Hz 0 2.2 4.4 6.6

Table 4 Experimental
schemes 1

f/Hz B/mT Sample f/Hz B/mT Sample

8 0 M-1 8 20 M-1

M-2 M-2

M-3 M-3

10 M-1 30 M-1

M-2 M-2

M-3 M-3

Table 5 Experimental
schemes 2

B/mT f/Hz Sample B/mT f/Hz Sample

20 6 M-1 20 10 M-1

M-2 M-2

M-3 M-3

8 M-1 12 M-1

M-2 M-2

M-3 M-3
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alternating magnetic field, and then the Lorentz force increases, the specific solutes
migrate, the silica-oxygen ions aggregate to form more complex silica-oxygen
complex ions, thus increasing the viscosity of mould flux.

From Fig.4, we can see that the viscosity increases with the increase in Al2O3

content. When Al2O3 content ranges from 3 to 7%, the viscosity (1573 K) is
increased by 0.9–2.1 poise. This is because the content of Al2O3 increases, the ratio
of silicon to oxygen decreases, so that the network structure of mould powder
increases, resulting in an increase in viscosity.
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Numerical Simulation

Basic Hypothesis

It is necessary to make reasonable simplification and necessary assumptions to
study the flow behaviour of mould fluxes. Conditions set forth below.

(1) ignoring the influence of other factors on mould fluxes.
(2) the mould flux is an incompressible viscous fluid.
(3) the pressure on the mould powder is zero.
(4) the speed of free surface vertical downward is zero.
(5) the conductivity, density and mould flux viscosity of mould fluxes are constant.

Fundamental Equation

In the fluid under the action of electromagnetic force, the flow equation of the
mould flux is different from that of the ordinary fluid. Due to the addition of
electromagnetic force, an electromagnetic force needs to be added to the momen-
tum equation as the momentum source. Since the problem of solidification of the
mould flux is not considered, the control equation of the mould flux is as follows:

Continuity equation:
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Momentum equation:

@ quiuj
� �

@xj
¼ � @p
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þ @

@xj
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þ qgi þFem ð2Þ

Turbulent kinetic energy K equation:
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Turbulent energy dissipation rate equation e:
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Effective viscosity is

leff ¼ lt þ l ð6Þ

lt ¼ qCl
k2

e
ð7Þ

q density, Kg/m3;
Fem mean value of electromagnetic force density, N/m3;
ui, uj time averaged velocity of turbulent flow, m/s;
ueff effective viscosity coefficient, Pa s;
l viscosity, Pa s;
lt turbulent momentum diffusion coefficient or turbulent viscosity coefficient,

Pa s;
k turbulent kinetic energy, m2/s2;
rk, re the Prandtl number corresponding to turbulent kinetic energy k and

dissipation rate e
e turbulent dissipation rate, m2/s3;
keff effective transmission coefficient, W m−1 k−1.
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Parameter Selection

This simulation selects a section of crucible under experimental conditions as a
model for two-dimensional data analysis, the crucible diameter is 75 mm, the head
is 25 mm, the rotating speed of the head is 12 r/min. Assuming the density of the
mould flux is 2500 kg/m3, the viscosity of the mould flux is set at 0.3 Pa s. This is
the viscosity of the original slag used in the experiment. The specific parameters are
shown in Table 6.

Analysis of Simulation Results of Mould Fluxes Flow Field
Under Electromagnetic Field

(1) Distribution of magnetic field intensity in mould flux

Figure 5shows the distribution of electromagnetic force on the mould flux under
the action of electromagnetic field. It can be seen from the figure that the magnetic
field intensity is distributed in the range of 10mT to 20mT, indicating that this
simulation coincides with the experiment.

(2) Flow field simulation of mould fluxes

It can be seen from Fig. 6 that the flow direction of mould flux is changed due to
the effect of Lorentz force after the application of electromagnetic field, and the
mould flux forms two swirls which flow inward. It shows that the effect of elec-
tromagnetic force is opposite to the static pressure of molten steel, thus improving
the quality of casting slab. From Fig. 7, it is not difficult to find out that the flux
flow is stable and the velocity is small without applying electromagnetic field. After
applying electromagnetic field, the ordered structure state of the flux is disturbed,
and the disordered ion group increases, which promotes the free flow of the flux and
the ion flow rate increases and finally leads to the viscosity increase.

Table 6 Finite element simulation parameters

Project Reference value

Power frequency 8 Hz

Effective value of current intensity 200 A

The number of turns 10

Copper coil resistivity 3 � 10−6X.m

Vacuum permeability 4p � 10−7H/m

Vacuum dielectric constant 8.854 � 10−12

Copper relative permeability 1

Relative permeability of mould fluxes 1

Relative permeability of air 1
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(3) The two eddies in the mould flux correspond to the two positions with the
highest magnetic field intensity in Fig. 5. This shows that the stronger the
magnetic field intensity, the faster the flux flow rate, and the more the disor-
dered ion clusters. Because these two parts are adjacent to the copper coils
where the electromagnetic field is generated, the electromagnetic intensity is
large. In addition, because the magnetic field strength of the mould flux is
small, the flow direction and velocity of mould fluxes remain unchanged.

Fig. 5 Simulation results of mould fluxes flow field under electromagnetic field

Fig. 6 Velocity vector diagram of mould fluxes under low-frequency electromagnetic field
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Conclusions

(1) The viscosity of mould flux (1573 K) increases with the increase in magnetic
field strength. When the magnetic field intensity is from 0 to 30 mT, the
viscosity (1573 K) also increases by 0.8–1.7 pool. This is because the Lorentz
force on the molten slag increases with the increase in magnetic field strength,
which leads to the increase of viscosity.

(2) The viscosity of the mould flux (1573 K) increases with the increase in the
magnetic field frequency when the magnetic field frequency ranges from 6 Hz
to 12 Hz, and the viscosity (1573 K) increases by 0.9–1.6 poise, because the
induced electric field in the slag increases with the increase in the magnetic field
frequency. As a result, the Lorentz force increased, and the stirring force of the
molten pool increased, which in turn leads to an increase in the viscosity of the
protective slag.

(3) With the increase of the content of Al2O3, the viscosity (1573 K) of the mould
flux increases. When the content of Al2O3 increases from 3 to 7%, the viscosity
(1573 K) increases by 0.9–2.1 pool. This is because the increase of the content
of Al2O3 leads to the increase of the oxygen-silicon ratio, and the network
structure of the mould flux also increases. Finally, the viscosity of the molten
slag increases

(4) Through the simulation of finite element software, it can be found that the
direction and velocity of flux flow will change under the action of electro-
magnetic field, and then the whirlpool will be formed in the flux and finally the
viscosity of flux will increase.
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Chongqing University (project No. 201512150025).

Fig. 7 No electromagnetic field applied (left)
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Part III
Fundamentals of Metallurgical Processes



Effects of Cr2O3, FeO and CaO/SiO2
Ratio on the Apparent Viscosity
of CaO-SiO2-MgO-MnO-FeO-Cr2O3
Slags

Bing Huang, Mingmei Zhu, Yong Zhong, Aiping Zhang
and Tiancheng Lin

Abstract In this study, the effects of Cr2O3, FeO and CaO/SiO2 ratio on the
apparent viscosity of the CaO-SiO2-MgO-MnO-FeO-Cr2O3 slags are investigated at
1500 °C. Apparent viscosity of the slags is measured using the rotating cylinder
method and the liquid and solid phases are calculated using the thermodynamic
calculation software FactSage. The experimental results showed that the apparent
viscosity of slags increases with increasing CaO/SiO2 ratio and Cr2O3 content and
decreases with the FeO addition. The thermodynamic calculations results showed
that Cr2O3 content has a minor effect on the mass fraction of liquid phases, nev-
ertheless it can promote the formation of spinels resulting in increased amount of
solid phases as well as, increased slag apparent viscosity. The liquid slag phases
were increased with increasing of FeO content therefore, the apparent viscosity of
the slag was reduced. However, the liquid slag phases were decreased with
increasing of CaO/SiO2 ratio, which resulted in increased slag apparent viscosity.

Keywords Steelmaking slag bearing chromium � Apparent viscosity
High-temperature experiment � Thermodynamic calculation

Introduction

Viscosity is one of the most important physical properties of slag, not only related
to the smooth progress of the smelting process, but also affecting the heat and mass
transfer of metallurgical process, and thus the rate of chemical reaction, the dis-
charge of impurities in the molten pool, the loss of metal in slag and the life of
furnace lining [1]. Chromium is an important alloy element in many different
metals. In the process of smelting of chromium-containing metals, the chromium
can easily be oxidized to Cr2O3. The Cr2O3 entering the slag will form with other
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components of the slag high melting point spinel, such as MgCr2O4 and FeCr2O4,
which significantly influence the viscosity of slag. Therefore, further studies to
better understand of the viscosity behaviour of chromium-containing slag were
necessary.

In recent years, many scholars have studied the effect of Cr2O3 on slag viscosity.
Ostrovski [2] and Xu [3] investigated the effect of Cr2O3 on the viscosity of
CaO-Cr2O3-CaF2 slags and mould flux, respectively. Qiu [4], Huang [5] and Xu [6]
have studied the effect of Cr2O3 on the viscosity of Ti-bearing slag. Furthermore, Li
[7, 8] studied the viscosities of CaO-SiO2-MgO-Al2O3-Cr2O3 and CaO-SiO2-
MgO-Na2O-B2O3-Al2O3-Cr2O3 slags. Their research results showed that with the
addition of Cr2O3, the viscosity of slag increases.

In this study, the effects of Cr2O3, FeO and CaO/SiO2 ratio on the apparent
viscosity of the CaO-SiO2-MgO-MnO-FeO-Cr2O3 slags were investigated at
1500 °C. Apparent viscosity of the slags was measured using the rotating cylinder
method and the liquid and solid phases were calculated using the thermodynamic
calculation software FactSage.

Experimental

Samples Preparation

The CaO-SiO2-FeO-MgO-MnO-Cr2O3 slags were selected for the conceptual
design. The chemical composition of slags used in the experimental study was
listed in Table 1. The compositions were obtained from analytical-grade reagents
CaO, SiO2, Ferrous oxalate, MgO, MnO and Cr2O3. The CaO, MnO and MgO were
calcined for 10 h in a muffle furnace at 1000 °C to remove carbonates and
hydroxides. In order to remove the moisture, samples were treated in the furnace at
110 °C for 12 h. According to the proportion of each test slag sample shown in
Table 1, a 200 g of sample were mixed thoroughly in an agate mortar and placed
into the grinding tool to make cylindrical sample. Samples were added to the MgO
crucible and then placed together with the crucible in the dryer to prevent re-suction
of moisture.

Viscosity Measurements

In this experiment, apparent viscosity measurements were carried out by a
Brookfield digital viscometer and experimental apparatus, which is graphically
sketched in Fig. 1. The main temperature control equipment used in the experiment
is a high-temperature silicon-molybdenum furnace with the precision of tempera-
ture control ±2 °C. The crucibles used in the experiment are based on Al2O3 and
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graphite with an inner diameter of 60 and 75 mm, respectively. In order to reduce
the experimental error, the viscometer was calibrated with three Brookfield standard
oils of known viscosity in a water bath crucible at 25 °C.

The cylindrical sample was placed in the Al2O3 crucible and together with the
graphite crucible inserted in the silicon-molybdenum furnace. The furnace was

Table 1 Chemical composition of experimental slags (wt%)

No CaO FeO MgO Cr2O3 MnO R

1 40.0 24.0 6.0 0.0 5.0 1.6

2 38.8 24.0 6.0 2.0 5.0 1.6

3 37.5 24.0 6.0 4.0 5.0 1.6

4 36.3 24.0 6.0 6.0 5.0 1.6

5 35.1 24.0 6.0 8.0 5.0 1.6

6 40.0 20.0 6.0 4.0 5.0 1.6

7 38.8 22.0 6.0 4.0 5.0 1.6

8 36.3 26.0 6.0 4.0 5.0 1.6

9 35.1 28.0 6.0 4.0 5.0 1.6

10 33.3 24.0 6.0 4.0 5.0 1.2

11 35.6 24.0 6.0 4.0 5.0 1.4

12 39.2 24.0 6.0 4.0 5.0 1.8

13 40.7 24.0 6.0 4.0 5.0 2.0

Fig. 1 Experimental apparatus for measurements of slag viscosity
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heated with 2 L/min of high purity nitrogen as a protective gas. When the furnace
temperature reached 1550 °C, the heating was stopped and temperature kept on
1550 °C. In order to homogenize the slag to achieve better fluidity, the slag was
heated for 1 h and stirred with molybdenum rod every 20 min. By reducing the
furnace temperature to 1500 °C, the apparent viscosity of slags was measured at the
rotational speeds of 12 rpm. The distance between the bottom of the probe and
the bottom of the crucible was 10 mm. Due to a slight deviation from the axis the
probe, the centre of the crucible and the viscometer were in the same line [9].

Thermodynamic Calculation

Thermodynamic calculation software FactSage 6.3 was used to calculate the
multiphase equilibrium of CaO-SiO2-FeO-MgO-MnO-Cr2O3 slags under different
composition conditions. The calculations were performed at temperature of
1500 °C and pressure of 1 atm. Equilibrium data could be calculated for the liquid
and solid phases at 1500 °C.

Results and Discussion

Effect of Cr2O3 on Apparent Viscosity of Slags

Figure 2 shows the apparent viscosity changes of CaO-SiO2-FeO-MgO-MnO-
Cr2O3 slags with different content of Cr2O3 at 1500 °C. The results showed that the
apparent viscosity of slags increases gradually, namely from 0.48 Poise to 4.55
Poise when the Cr2O3 content was increased from 0 to 8%. Additionally when the

Fig. 2 Effect of Cr2O3 on
apparent viscosity of slags at
1500 °C
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Cr2O3 content in the slag was increased to 4%, the apparent viscosity increases by
20.9%. After the Cr2O3 content in slag exceeds 4%, the apparent viscosity of slag
increased almost linearly. This can be explained due to precipitation of solid phases
that automatically caused increase in the slag viscosity.

Figure 3 shows the change of liquid and solid phases of CaO-SiO2-FeO-
MgO-MnO-Cr2O3 slags as a function of different content of Cr2O3 at a temperature of
1500 °C. As can be seen from Fig. 3, when Cr2O3 is not present in the slag, the slag is
completely molten, (i.e., low slag viscosity). With the addition of 2% Cr2O3, the
dicalcium silicate and spinel start to precipitate, the amount of liquid phase in the slag
decreases with the increasing of Cr2O3 content. Additionally, the amount of solid
phase in the slag increases with increasing Cr2O3 content from 0 to 8%. It can be also
seen from Fig. 3 that dicalcium silicate in the solid phase increases gradually at higher
content of Cr2O3. Thus, the higher slag apparent viscosity is mainly caused by the
increase of dicalcium silicate. At increased Cr2O3 content in the slag, e.g. from 2 to
4%, the spinel begins to precipitate. The amount of dicalcium silicate does not change
significantly, but the solid content in the slag increases.

Effect of FeO on Apparent Viscosity of Slags

Figure 4 shows the apparent viscosity changes of CaO-SiO2-FeO-MgO-MnO-
Cr2O3 slags with different content of FeO at the temperature of 1500 °C. As can be
seen, the apparent viscosity of slags decreases rapidly with higher FeO content. At
increased FeO content from 20 to 28%, the apparent viscosity of the slag decreases
from 2.4 to 1.3 Poise. Oxygen dioxide reacts with complex silicate structures and
reduces the polymerization degree of the slag. Therefore, FeO acts as a network
modifier and reduces the viscosity of slag.

Fig. 3 Effect of Cr2O3 on
phases of slags at 1500 °C
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Figure 5 indicates the transformation of liquid and solid phases of the CaO-
SiO2-FeO -MgO-MnO-Cr2O3 slags with different content of FeO at a temperature
of 1500 °C. From Fig. 5, it can be seen that the amount of spinel in slag is almost
unchanged when the content of FeO in slag was increased from 20 to 28%.
Additionally, the amount of liquid phase and dicalcium silicate decreases. The
liquid phase increased from 74.8 to 91.6% when FeO content was increased from
20 to 28%. On the other hand, the amount of dicalcium silicate is reduced because
FeO tends to form low melting silicates like calcium iron olivine (Ca3Fe2SiO12).

Fig. 4 Effect of FeO on
apparent viscosity of slags at
1500 °C

Fig. 5 Effect of FeO on
phases of slags at 1500 °C
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Effect of CaO/SiO2 Ratio on Apparent Viscosity of Slags

Figure 6 represents the apparent viscosity changes of the CaO-SiO2-FeO-MgO-
MnO-Cr2O3 slags with different CaO/SiO2 ratio at a temperature of 1500 °C.
Results indicate that the apparent viscosity of slag increases as a function of
increased CaO/SiO2 ratio from 1.2 to 2.0. At increased CaO/SiO2 ratio, the apparent
viscosity of the slag increases from 0.68 to 11.3 Poise.

Figure 7 shows the change of liquid and solid phases of the CaO-SiO2-
FeO-MgO-MnO-Cr2O3 slags with different content of CaO/SiO2 ratio at a tem-
perature of 1500 °C. In the steelmaking process, the converter slag usually has a
high basicity[10]. As observed by Seong, there is a high amount of Ca2SiO4 in the
converter slag even at a temperature of 1600 °C [10]. Additionally, it can be seen
that the change of CaO/SiO2 ratio has a minor effect on the formation of spinel in
the slag; nevertheless it has a great influence on the content of liquid phase and
calcium silicate in the slag (see Fig. 7). When the CaO/SiO2 ratio increases to 2.0,

Fig. 6 Effect of basicity on
apparent viscosity at 1500 °C

Fig. 7 Effect of basicity on
phases of slags at 1500 °C
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the liquid content of slag is *76%, and the content of dicalcium silicate is *21%.
At the same time, the viscosity of slag reached 11.3 Poise. Therefore, the main
reason for the increased slag apparent viscosity is the higher dicalcium silicate
content formed in the slag.

Conclusions

The effects of Cr2O3, FeO and CaO/SiO2 ratio on the apparent viscosity of the
CaO-SiO- FeO-MgO-MnO-Cr2O3 slag were measured at 1500 °C using the
rotating cylinder method. The liquid and solid phases of slags were calculated at
the same temperature by thermodynamic calculation software FactSage. The main
conclusions are as follows:

(1) The apparent viscosity of slag increases with the increased Cr2O3 content. This
is mainly due to increase of Cr2O3 content resulting in a large quantity of solid
phases that are formed in the slag.

(2) The apparent viscosity of slag decreases with increased FeO content, which is
mainly caused by increased amount of liquid phase in the slag.

(3) The apparent viscosity of slag increases sharply with increased CaO/SiO2 ratio.
The latter phenomenon can be explained by higher amount of precipitated
dicalcium silicate in the slag.
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Thermodynamic Analysis
of Carbothermic Reduction of Electric
Arc Furnace Dust

Qing Ye, Zhiwei Peng, Lei Ye, Liancheng Wang, Robin Augustine,
Joonho Lee, Yong Liu, Mudan Liu, Mingjun Rao, Guanghui Li
and Tao Jiang

Abstract Electric arc furnace (EAF) dust is a kind of secondary resource which
contains multiple metallic elements, including Fe, Mn and Cr. Pyrometallurgical
processes for recovering metal elements from EAF dust have been investigated for
many years although they are suffered from high energy consumption due to the
spinel-structured components of EAF dust. In this study, the thermodynamic
analysis of carbothermic reduction of EAF dust was performed. The main com-
ponents of EAF dust were magnetite (Fe3O4), hausmannite (Mn3O4) and chromate
spinel (FeCr2O4). The gangue minerals were mainly composed of magnesium sil-
icates. The thermodynamic analysis indicated that magnetite and hausmannite can
be reduced to metallic iron and MnO, respectively. Meanwhile, the chromate spinel
will be reduced to chromium oxide and then to form CaCr2O4. The results also
demonstrated that the gangue components can promote the separation of Fe and Cr,
agreeing well with the experimental results.

Keywords Thermodynamic analysis � Carbothermic reduction � EAF dust �
Ferrite
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Introduction

According to the World Steel Association, electric arc furnaces produce about 29%
of worldwide steel. It is estimated that along with production of 1 ton of molten
metal about 11–20 kg of electric arc furnace (EAF) dust is generated [1, 2]. EAF
dust is an important secondary resource which contains multiple metallic elements,
such as iron, chromium, manganese and zinc. In general, it contains 3–40% zinc
and up to 50% iron [3]. Its recycling is not only favorable to improving economic
potential of the dust by recovering the valuable metals, but also of benefit to solving
disposal and environmental problems caused by the heavy elements (e.g. lead and
chromium) entrained in the dust [4, 5].

In recent years, many scholars have paid attention to recovering metal resources
from EAF dust. The hydrometallurgical process is the earliest method applied for
recycling of EAF dust, based on acidic or alkali leaching [6]. Inorganic acids such
as sulfuric, nitric and hydrochloric acids have been widely used for selective dis-
solution of the metal elements from EAF dust. It was reported that the extraction
ratios of zinc and cadmium reached up to 97 and 95%, respectively, using sulfuric
acid [7]. However, this method often requires multiple steps to achieve high
extractions [8]. Compared with acidic leaching, alkali leaching may enable selective
leaching of EAF dust [9, 10]. It has the potential to obtain better results technically
and economically, with less generation of residue. Nevertheless, high extractions of
zinc and lead are still difficult.

Although the hydrometallurgical and other processes have been studied,
pyrometallurgical routes are still considered to be the primary choice for processing
of EAF dust because of its high potential metal recovery and relatively short flow
sheet. The most frequently applied pyrometallurgical processes involve use of Waelz
Kiln for recycling of EAF dust [11]. Coke and coal are the main reducing agents, and
the iron metallization degree might reach 70–80% [12]. Actually, the stable
spinel-structured components (e.g. ZnFe2O4, MnFe2O4 and FeCr2O4) of EAF dust
often lead to difficult reduction, and high operating temperatures (1300–1650 °C)
are required [13]. Most recently, a study of thermal stability of zinc ferrite indicated
that adding calcium oxide would promote its decomposition. In order to decompose
more than 90% of ZnFe2O4 in EAF dust, it was necessary to add more than 46% CaO
to the dust [14]. However, the relevant thermodynamic analysis under reductive
atmosphere receives little attention.

For understanding of the principle of pyrometallurgical processes of EAF dust
based on carbothermic reduction, it is essential to investigate the reactions involved
from the thermodynamic perspective to achieve efficient recovery of the entrained
valuable elements. In this study, a thermodynamic analysis of carbothermic
reduction of EAF dust was carried out and the results were verified experimentally
by reduction of an EAF dust sample using biochar under microwave irradiation.
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Experimental

Materials

The EAF dust, collected from Baosteel Group Corporation, Shanghai, China, was
used for the analysis in this study. Table 1 shows the main components of the EAF
dust sample. Its iron and zinc contents were 22.46 and 1.63%, respectively. The
contents of other elements, including Mg, Al and Si, were 2.61, 10.59 and 8.25%,
respectively. The biochar (charcoal) with the particle size between 0.045 and
0.053 mm was used as reducing agent. Its proximate analysis and ash composition
are shown in Table 2.

The phase composition of EAF dust is shown in Fig. 1. The iron was primarily
enriched in the dust in the forms of Fe3O4 and ZnFe2O4. The main phases of gangue
components were CaAl8Fe4O19 and MgAl(SiO4)3.

Method

The thermodynamic calculations of carbothermic reduction of EAF dust was per-
formed using the software FactSage 7.0 (Thermfact/CRCT, Montreal, Quebec,
Canada; GTT-Technologies, Herzogenrath, Germany). The results of the thermo-
dynamic analysis were verified experimentally. The EAF dust and biochar were
firstly pre-dried and then mixed with a mass ratio of 0.25 using a blender. The
mixture was subsequently pressed at 50 MPa to prepare cylindrical briquettes with
diameter of 20 mm and height of 10 mm. Lastly, the briquettes were charged in a
microwave furnace for reduction at 1323 K for 15 min.

Table 1 Chemical composition of EAF dust (wt%)

Element Fe Ca Zn Pb Mn Cr F Cl

Content 22.46 21.03 1.63 0.049 3.50 0.23 0.59 0.18

Element Si Al Mg S P Na K

Content 8.25 10.59 2.61 0.71 0.039 1.19 0.31

Table 2 Proximate analysis of biochar and its ash composition (wt%)

Proximate analysis Main chemical composition of ash

Fc Ad Vdaf Al2O3 SiO2 Fe2O3 TiO2 CaO

77.47 5.55 16.98 1.51 8.77 23.91 0.17 37.09
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Results and Discussion

The Gibbs free energy changes of the reactions involved in reduction of main
components of EAF dust were calculated, and the results are shown in Table 3 and
Fig. 2. Note that ZnFe2O4 (franklinite) was the main zinc-bearing constituent of
EAF dust, easily decomposed in reductive atmosphere. It can be reduced to ZnO
and Fe3O4 at 800 K (see T0 in Table 3). The reaction temperature of zinc oxide
with carbon is 1229 K, which is lower than that of zinc oxide with carbon
monoxide at 1591 K. The thermodynamic analysis indicated zinc oxide reacts with
carbon easily. The stepwise reductions of iron oxide and zinc oxide take place in the
temperature range of 800–1100 K. In addition, metallic zinc can evaporate above
1183 K. These results indicated that iron and zinc constituents can be easily sep-
arated in a reduction process.

In order to investigate the correlation between reduction reactions and reductive
atmosphere, the relevant thermodynamic calculations based on determination of the
relationship between thermodynamic equilibrium constant and temperature for
some reactions are shown in Table 4. A corresponding plot of temperature versus
gas equilibrium composition is shown in Fig. 3. The equilibrium curve of the
Boudouard reaction, i.e. Eq. (14), and indirect reduction curves of iron oxide and
zinc oxide intersects at Ta, Tb and Tc, respectively, indicating relatively easy
reduction of the oxides. The thermodynamic analysis indicated that Mn3O4 can be
easily reduced to MnO below 600 K, but further reduction of MnO demands high
temperatures (>1650 K). MnO and metallic iron can be separated based on the
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Fig. 1 XRD pattern of EAF dust
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discrepancy of their magnetisms. Hence, maintaining a temperature above 1183 K
is sufficient for separation of Fe, Mn and Zn.

According to previous study, the transformation of spinel-structured components
of EAF dust was the main reason that caused the high energy consumption by using
the pyrometallurgical method. Based on the calculations of Gibbs free energy

Table 3 Expressions for Gibbs free energy changes of main reactions involved in EAF dust
reduction

No. Reaction equation DrGh
m (J�mol−1) T0 (K)

(1) Fe3O4(s) + 4C = 3Fe(s) + 4CO(g) 684400-698T 980.5

(2) FeO(s) + C = Fe(s) + CO(g) 158970-160.25T 992.0

(3) Cr2O3(s) + 3C(s) = 2Cr(s) + 3CO(g) 819936-541.2T 1515.0

(4) Cr2O3(s) + 13/3C(s) = 2/3Cr3C2(s) + 3CO(g) 755927-522.03T 1448.1

(5) Cr2O3(s) + 27/7C(s) = 2/7Cr7C2(s) + 3CO(g) 766692-546.86T 1402.0

(6) FeO�Cr2O3(s) + 4C(s) = 2Cr(s) + Fe(s) + 4CO(g) 951540-653.61T 1455.8

(7) FeO�Cr2O3(s) + C(s) = Cr2O3(s) + Fe(s) + 4CO(g) 163830-138.43T 1183.5

(8) 3ZnFe2O4(s) + C(s) = 3ZnO(s) + 2Fe3O4(s) + CO (g) 159510-182.02T 876.3

(9) 6ZnFe2O4(s) + C(s) = 6ZnO(s) + 4Fe3O4(s) + CO2(g) 144579-180.69T 800.15

(10) ZnFe2O4(s) + C(s) = ZnO(s) + 2FeO(s) + CO (g) 192297-208.84T 920.79

(11) 2ZnFe2O4(s) + C(s) = 2ZnO(s) + 4FeO(s) + CO2(g) 212742-241.93T 879.35

(12) ZnFe2O4(s) + 3C(s) = ZnO(s) + 2Fe(s) + CO (g) 498437-515.35T 967.14

(13) ZnFe2O4(s) + 4C(s) = Zn (g) + 2Fe(s) + 4CO(g) 746525-722.18T 1033.7

Fig. 2 Plot of Gibbs free energy changes of main reactions involved in EAF dust reduction versus
temperature
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changes of the reactions, FeCr2O4 can react with carbon to form Cr2O3 and metallic
iron at 1183 K. Chromium oxide can be transformed to spinel phases (e.g.,
CaCr2O4) with the mass ratio of Cr2O3 to CaO less than 0.25 at 1350 K, as shown
in Fig. 4. The results also indicated than Cr2O3 is converted to Ca3Cr2Si3O12 in the
presence of excessive SiO2. In addition, the components of MgO and Al2O3 will
promote the formation of spinel phases (e.g., MgCr2O4). Therefore, when the
temperature is higher than 1350 K, the gangue components (CaO, SiO2, MgO and
Al2O3) have potential to facilitate separation of Cr and Fe.

Table 4 Relationship between thermodynamic equilibrium constant and temperature for reactions
involved in reduction of EAF dust (CO as reducing agent)

No. Reaction equation lnKh � T

(14) C(s) + CO2(g) = 2CO(g) lnKh = −20,530.47/T + 20.99

(15) Fe2O3(s) + 1/3CO(g) = 2/3Fe3O4(s) + 1/3CO2(g) lnKh = 6269.91/T + 4.93

(16) Fe3O4(s) + CO(g) = 3FeO(s) + CO2(g) lnKh = −4255.23/T + 4.83

(17) FeO(s) + CO(g) = Fe(s) + 3CO2(g) lnKh = 2742.21/T − 2.92

(18) Fe3O4(s) + 4CO(g) = 3Fe(s) + 4CO2(g) lnKh = 1182.52/T − 1.03

(19) ZnO(g) + CO = Zn(l) + CO2(g) lnKh = −16,551.27/T + 11.84

(20) Mn3O4(s) + C(s) = 3MnO(g) + CO(g) lnKh = −6175.25/T + 4.75

MnO

Fe3O4

FeO

Fe

Zn

TbTa Tc

Fig. 3 Plot of gas equilibrium composition versus temperature concerning reduction of iron oxide
and manganese oxide
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For verifying the above thermodynamic results, the reduction of the EAF dust
sample was performed under the aforementioned conditions. It was found that after
reduction at 1323 K for 15 min, the iron metallization degree of the reduced bri-
quettes and the volatilization ratios of zinc and lead reached 96%, 99.6% and
80.2%, respectively, confirming the relevant reaction tendencies revealed by the
thermodynamic analysis.

Conclusions

In this study, the thermodynamic analysis of the main reactions in the process of
carbothermic reduction of EAF dust was reported. It was revealed that the stepwise
reductions of iron oxide and zinc oxide take place in the temperature range of 800–
1100 K. Meanwhile, the chromate spinel (FeCr2O4) will be reduced to chromium
oxide and then to form CaCr2O4 in the presence of CaO. It was shown that the
metal elements can be recovered through the reduction process. The thermody-
namic results were also confirmed by the reduction of EAF dust using biochar
under microwave irradiation. After reduction of the composite briquettes composed
of EAF dust and biochar at 1323 K for 15 min, the iron metallization degree of the
reduced briquettes and the volatilization ratios of zinc and lead reached 96, 99.6 and
80.2%, respectively.
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Influence of Cr2O3 Content on Slag
Viscosity Under Different Melting States
and Temperature Programs

Fang Yuan, Tuo Wu, Yanling Zhang and Zheng Zhao

Abstract Viscosities of Cr2O3-bearing slags were examined under different situ-
ations. The influence of Cr2O3 content on slag viscosity greatly depends on slag
basicity and temperature. In CaO–SiO2–Cr2O3 ternary slags (R = 1.2, 0.8, and 0.5)
with a Cr2O3 content lower than 6%, viscosity decreases with an increase in Cr2O3

content; with increasing Cr2O3 content, the slag viscosity tends to decrease, espe-
cially in the cases of higher basicity. For CaO–SiO2–10%Al2O3–Cr2O3 (R = 1.2)
quaternary slags, when holding at 1953 K for 2 h and measurement was performed
during cooling down to 1773 K, viscosities of this slag gradually increased with
decreasing temperature to a point and then a sharp increase on viscosity appeared
with further decreasing temperature; above 1873 K, the viscosity decreased with
increasing Cr2O3 content, while below 1853 K, a raise in Cr2O3 content increased
the viscosity. However, in the case of measurement performed from 1813 to
1673 K, the viscosity increased with an increase in Cr2O3 content. It revealed that
the slag viscosity showed greater dependency on the precipitation of Cr2O3 and
their morphologies.

Keywords Cr-containing slag � Viscosity � Temperature programs � Morphology

Introduction

Slag viscosity is a critical physical property that affects the separation and trans-
portation of elements between the metal and slag phases [1]. Extensive research has
been conducted to examine viscosity in CrOx-bearing slag systems [2–21].
However, results concerning the dependency of slag viscosity on Cr2O3 content
have been inconsistent. Minami et al. [2] suggested that the slag viscosity increases
with increasing Cr2O3 content, while both Forsbacka et al. [8, 9] and Wu [10]
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showed that slag viscosity decreased with increasing Cr2O3 content. This difference
could be explained by the different fluid characteristics of Cr2O3-bearing slag under
different conditions.

In this research, the effects of Cr2O3 content on viscosity of CaO–SiO2–Cr2O3

ternary slags with varied basicity were initially examined. Subsequently, the vis-
cosities of CaO–SiO2–10%Al2O3–Cr2O3(R = 1.2) quaternary slags were measured
under two temperature regimes: A, wherein samples were held at 1953 K for 2 h and
then the temperature dependency of viscosity was measured during cooling from
1953 to 1683 K; and B, wherein the holding temperature was changed to 1813 K
and viscosity was measured during cooling from 1813 to 1683 K. The effects of
Cr2O3 content on slag viscosity under these two temperature regimes were analyzed.

Experimental Methods

Apparatus

The configuration of the experimental apparatus is illustrated in Fig. 1. The system
includes an electrical resistance (MoSi2 elements) furnace with a maximum

Fig. 1 Diagram of high-temperature viscometer and its auxiliary device
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temperature of 1973 K (1700 °C), a rotary digital viscometer (Brookfield
DV3T LV, Brookfield company, USA), a gas protection system (High purity Ar,
� 99.999%), and data collection software (Viscometer Test Software, Version
Number HA1.10). The furnace and sample temperatures were measured by two
B-type thermocouples (Omega, USA) with measurement accuracies of ±0.5%. The
viscometer was protected by a transparent glass tube installed on an aluminum
platform, which can be connected with the furnace tube to form a complete cavity.
A vacuum gauge and vacuum pump was used to quickly evacuate the air inside the
cavity. This setup ensures that the slag can be measured in a closed and controllable
atmosphere at high temperatures. The constant used with the Brookfield viscometer
is referred to as the spindle multiplier constant (SMC). The viscometer is calibrated
using standard silicone oils (provided by Brookfield Company) with viscosities of
100, 500, and 5000 cP; the final SMC is the average of the instrument constants
after calibration with different standard silicone oils. A similar calibration operation
has been described in detail elsewhere [22].

Sample Preparation

The raw materials are described in Table 1. The 45 g slag quantity was based on an
estimation of the slag density and the pre-experiment. Pretreated pure reagents
(about 400 mesh) were carefully weighed, blended, and fully ground to produce the
compositions presented in Table 2. Then, the mixed powder samples were pressed
into a cylindrical block in a steel mould under 30 MPa, which facilitated fitting the
samples into the molybdenum crucible and subsequent melting by bringing the
oxide particles into close contact. Finally, the sample was placed in a dryer.

Table 1 Raw materials used for experiments

Materials Purity Pretreatment Provider

CaCO3 � 99.0% Decomposed at 1473 K for 12 h,
Verified by XRD

Sinopharm Chemical
Reagent Co., Ltd.

SiO2 AR Dried at 1073 K for 8 h

Al2O3 AR

Cr2O3 � 99.0%

Mo � 99.7% Crucible and Spindle were
machined by CNC machine.
Deviation: ±0.02 mm

Baoji Sheng Hua
Non-ferrous Materials
Co., Ltd., China

Ar � 99.999% Dehydrated by molecular sieve and
silica gel
Deoxidized by Cu pieces (5 N) and
Mg stripes (>99%) at 773 K

Beijing Qianxi gas
company, China

Influence of Cr2O3 Content on Slag Viscosity Under Different … 127



Viscosity Measurements

The viscometer was mechanically zeroed. A hollow corundum tube equipped with a
molybdenum rotor was suspended on the viscometer hook. The crucible containing
the sample was fixed on the three-jaw bracket. The spindle was adjusted to coincide
with the crucible centreline to attain full alignment. The aluminum platform was
lowered to place the sample in the constant temperature zone of the furnace. The
flange on the alumina tube was connected to the aluminum platform by screws. The
air inside the tube was pumped out using the vacuum pump, and high-purity argon
was used throughout the entire measurement process at a flow rate of 150 mL/min.

The temperature programs used during experiments are shown in Fig. 2. For
program A, the furnace was programed to heat from room temperature to 1953 K
(1680 °C), and samples were held at 1953 K for 2 h before the first measurement,
to ensure complete melting of the Cr2O3-containing slags. The viscosity of the
sample was then measured while cooling at 3 K/min. In program B, the sample was
first heated to 1813 K (1540 °C), maintained at this temperature for 2 h, and then
viscosity was measured during cooling at 3 K/min. Measurement was terminated
when the viscosity of slag exceeded 3000 cP or if the viscosity–temperature curve
showed obvious fluctuation. After measurement, the sample was again heated to the
target holding temperature and maintained for 2 h to pull out the spindle. Finally,
the crucible was quickly removed from the furnace and quenched rapidly in water
to obtain glass samples for analysis.

Table 2 Target composition of slags

No. Target composition wt% Temperature program

CaO SiO2 Al2O3 Cr2O3 Rtarget
a

A0/B0 40 50 10 0 1.2 A/B

A5/B5 46.4 38.6 10 5 1.2 A/B

A7/B7 45.3 37.7 10 7 1.2 A/B

A10/B10 43.6 36.4 10 10 1.2 A/B

C0 33.3 66.7 0 0 0.5 A

C3 32.3 64.7 0 3 0.5 A

C6 31.3 62.7 0 6 0.5 A

C9 30.3 60.7 0 9 0.5 A

D0 44.4 55.6 0 0 0.8 A

D3 43.1 53.9 0 3 0.8 A

D6 41.8 52.2 0 6 0.8 A

D9 40.5 50.5 0 9 0.8 A

E0 54.5 45.5 0 0 1.2 A

E3 52.9 44.1 0 3 1.2 A

E6 51.3 42.7 0 6 1.2 A

E9 49.7 41.3 0 9 1.2 A
aRtarget = (wt%CaO)/(wt%SiO2)
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The phase of the samples was analyzed by X-ray diffraction (XRD,
Smart RIGAKU, Japan) and the morphological character of the samples was ana-
lyzed by scanning electron microscope (SEM, FEI MLA250, USA).

Results and Discussion

Effects of Cr2O3 on viscosity of CaO-SiO2-Cr2O3 slag with basicities of R = 0.5,
0.8, and 1.2 were shown in Fig. 3a–c, respectively. The basicity dependency of the
slag (3% Cr2O3) viscosity was illustrated in Fig. 3d. The viscosities of CaO-SiO2-
Cr2O3 slag significantly decreased with increasing basicity within the 1793–1953 K
range. For three kinds of slag (Fig. 3a–c), when Cr2O3 content is lower than 6%,
the viscosity decreases with an increase in Cr2O3 content. Moreover, the variation
of viscosity tends to increase with decreasing basicity and decreasing temperature.
For the acidic slags with R = 0.5 (Fig. 3a), when the Cr2O3 content increases from
0 to 6% at 1833 K (1560 °C), the slag viscosity decreases from 2.146 to
0.857 Pa S, representing a drop of 60%. While in the cases of R = 0.8(Fig. 3b) and
R = 1.2 (Fig. 3c), the corresponding viscosity decreases from 0.355 to 0.240 Pa S
and from 0.164 to 0.124 Pa S, a decrease of 32 and 24%, respectively. It suggested
that the Cr2O3 (lower than 6%) could be totally dissolved into molten slag (or the
amount of undissloved Cr2O3 is too little to change the rheology characteristic of
slag flow) and tends to behave as basic ions [23, 24] and work as a Si-O network
breaker [25] above 1793 K.

Fig. 2 Temperature
programs A and B
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Effect of Cr2O3 Content on the Viscosity of CaO-SiO2-Cr2O3

Slag Under Different Basicity

However, when the Cr2O3 content exceeds 6%, the viscosities of slag with higher
basicity (R = 0.8 and 1.2) tend to increase with further increases in Cr2O3 content,
as observed in Fig. 3b, c. This effect could be due to that in these cases some Cr2O3

remains undissolved or some Cr2O3-bearing phases precipitate at lower tempera-
ture, which causes slag to behave as a non-homogeneous liquid phase with sus-
pended fine solid particles. Obviously, more undissolved Cr2O3 or precipitated
Cr2O3-bearing solid particles will be present when the overall Cr2O3 content is
elevated, and so the slag viscosities will be higher. Figure 4 shows the XRD
patterns of quenched samples which Cr2O3 content is greater than 6% (C6, C9, D6,
D9, E6, and E9, seen in Table 2). Some solid Cr2O3 or CaCr2O4 (formed in slag
with higher basicity during decreasing temperature) remained in the testing samples
as shown in Fig. 4, which adds credibility to the above offered explanations. In the
case of slag with the basicity of 0.5 (Fig. 3a), even some Cr2O3 remained undis-
solved (C9 in Fig. 4), the viscosity of slag C still slightly decreased as the Cr2O3

Fig. 3 Effects of Cr2O3 and basicity on the viscosity of CaO–SiO2–Cr2O3 ternary slags
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increased from 6 to 9%, but the decline has been significantly reduced (from 39 to
12%). These findings reveal that Cr2O3 tends to behave as basic materials and
shows more effective function of decreasing viscosity especially in the much lower
basicity slag.

Effect of Cr2O3 Content on the Viscosity of CaO-SiO2-10%
Al2O3-Cr2O3 Slag Under Different Temperature Program

The viscosities of CaO–SiO2–10%Al2O3–Cr2O3(R = 1.2) slags as functions of
temperature, under two temperature programs, are shown in Fig. 5. Slag viscosity

Fig. 4 XRD pattern of the
quenched samples

Fig. 5 Temperature dependence of slag viscosity under temperature programs A and B
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generally decreased with increasing temperature. Moreover, for CaO–SiO2–10%
Al2O3 slags without Cr2O3 (samples A0 and B0) evaluated under two temperature
programs, the measured viscosity data were in agreement and a smooth viscosity
versus temperature curves were produced. This outcome suggests that the rheo-
logical behaviour of CaO–SiO2–10%Al2O3 slag without Cr2O3 tends to stay uni-
form over the whole temperature range (1953–1683 K). However, in the case of
Cr2O3-bearing CaO–SiO2–10%Al2O3–Cr2O3(R = 1.2) samples (A5, A7, A10, B5,
and B7), large fluctuations appeared on the viscosity–temperature curves even at
same temperature range (1813–1793 K) under two temperature programs. For
program A, the slag sample viscosities gradually increased as the temperature
decreased from 1953 K to a certain point (i.e. 1783, 1813, and 1863 K for samples
A5, A7, and A10, respectively), and then sharply increased with further decreases
in temperature.

More importantly, for temperature program A, when the temperature was above
1873 K, viscosities of CaO–SiO2–10%Al2O3–Cr2O3(R = 1.2) slags decreased with
increasing Cr2O3 content. This observation agrees well with the results of ternary
slags in this study (Cr2O3 content < 6%) and the results obtained by Wu [10] and
Forsbacka et al. [8, 9].The explanation is same as the ternary slags (Cr2O3 con-
tent < 6%) above. However, at temperatures below 1803 K, viscosity increased
with increasing Cr2O3 content. Below 1803 K, some Cr-bearing solid phase tended
to precipitate (as discussed in the next section) with decreasing temperature, which
caused a sharp increase in viscosity of the slag. The slags containing higher Cr2O3

contents would have had more solid precipitation, thus resulting in higher
viscosities.

Similarly, under temperature program B, when the sample was held at temper-
atures as low as 1813 K, Cr2O3 was not completely dissolved into the molten slag,
the higher initial Cr2O3 content, the more Cr2O3 remained in solid particles, and
then the larger viscosities. This tendency agrees reasonably well with previously
reported data [2–7], wherein viscosity measurements were performed over a similar
temperature range (1673–1793 K).

However, even over the same temperature range (1813–1793 K), the viscosities
varied greatly between A5 and B5, and between A7 and B7. The data in Fig. 5
show that the viscosities of A5 and A7 were much higher than those of B5 and B7.
The formation of different solid phases, along with the different solid compositions,
under different temperature program was considered to be the main factors resulting
in these differences [1, 26].

To verify whether the differences between the viscosities of slag samples A5 and
B5 and of A7 and B7 were caused by different precipitation behaviours of solid
phases, the morphologies of samples A5 and B5 (at the same temperature, 1813 K)
were investigated by SEM. After viscosity measurements were taken, samples A5
and B5 were heated up again and maintained at 1953 K and 1813 K for 2 h,
respectively. Sample A5 was then cooled at 3 K/min to 1813 K. Both samples were
then quenched in water. SEM results for samples A5 and B5 are shown in Figs. 6
and 7, respectively, along with the corresponding XRD or EDS analysis result.
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A large difference was observed between the morphologies of A5 and B5, even
though they were obtained at the same temperature (1813 K) and had the same slag
composition (Table 2). The solid phase in A5, white acicular materials uniformly
distributed in the slag matrix (Fig. 6), was identified as CaCr2O4 by XRD. It is
suggested that under temperature program A, during the cooling of the homoge-
neous liquid phase from 1953 to 1813 K, CaCr2O4 was formed and precipitated.
This event would have led to a sharp increase in the solid fraction of the molten
slag, explaining the obvious inflection point in the viscosity–temperature curve. For
sample B5, while holding it at 1813 K, white spherical particles still existed, as
shown in Fig. 7. According to EDS analysis, these particles are Cr2O3, indicating
that the initial Cr2O3 was not completely dissolved in the molten slag at 1813 K.
Obviously, the higher the initial Cr2O3 content in the samples (B0, B5, B7), the
more particles remained in solid phase, resulting in higher apparent viscosities,
which agrees reasonably well with the measurement results below 1813 K reported
both herein and previously [2–7]. Moreover, the differences between the viscosities

Fig. 6 Morphology and XRD results for slag A5

Fig. 7 Morphology and EDS results for slag B5
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of A5 and B5, and between A7 and B7 below 1813 K are mainly caused by two
phenomena. First, the solid fractions in A5 and A7 are higher than those in B5 and
B7, since CaCr2O4 was formed through the reaction between CaO and Cr2O3 (the
Cr2O3 contents were equivalent in A5 and B5 and in A7 and B7). Second, the
network-like distribution of CaCr2O4 precipitated during solidification tends to
generate a larger resistance against fluid of the liquid phase. Hence, higher vis-
cosities were recorded for A5 and A7 than for B5 and B7, even at the same
temperature.

Conclusions

(1) The effects of Cr2O3 content on viscosity of CaO–SiO2–Cr2O3 ternary slags
with varied basicity (R = 0.5, 0.8, and 1.2) were examined. The results showed
that in the case of Cr2O3 content lower than 6%, the viscosity decreases with an
increase in Cr2O3 content. And, the decreased viscosity scope tends to increase
with decreasing basicity and decreasing temperature. While with further
increasing Cr2O3 content the slag viscosity tends to decrease, especially in the
cases of higher basicity.

(2) The viscosities of CaO–SiO2–10%Al2O3–Cr2O3 (R = 1.2) slags were measured
under different temperature programs. For program A (in which samples were
held at 1953 K for 2 h and viscosity was measured during cooling to 1813 K at
3 K/min), viscosity gradually increased with decreasing temperature to a cer-
tain point, after which a sharp increase in viscosity was observed upon further
temperature decreases. When the temperature was above 1873 K, the viscosity
decreased with increasing Cr2O3 content, while below 1853 K, an increase in
Cr2O3 content led to increases in viscosity. In program B (in which samples
were held at 1813 K for 2 h and the measurement was performed during
cool-down to 1683 K at 3 K/min), viscosity increased with increasing Cr2O3

content. Even under the same temperature range (1813–1793 K), the viscosities
varied greatly different under different temperature programs. That result could
be explained by the change of solubility of Cr2O3 in slag and rheological
characteristics of slag under different temperature program.
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Influence of Mould Slag Compositions
with Different Reactivity on the Erosion
Rate of ZrO2-C Bearing Submergence
Entry Nozzle

Xue-Si Wang, Qian Wang, Chang-Ping Zeng and Hua-Zhi Yuan

Abstract Several slag compositions of differing reactivity were designed as a
potential measure for reducing erosion on submergence entry nozzle during con-
tinuous casting of high-Mn high-Al steel. Reactivities were determined according to
the SiO2 content of the slag considering the reaction between [Al] and (SiO2) at the
steel–slag interface. The erosion rate was evaluated by means of the rotating
cylinder method; a ZrO2-C rod was immersed in the 1673 K slag sample for two
hours, and the erosion rate was evaluated according to the reduction of rod diam-
eter. The effect of slag components Na2O, Li2O, CaF2 and B2O3 on the erosion rate
was investigated. The main results indicate that slag with low SiO2 content was
more effective in decreasing the erosion rate than conventional high-SiO2 slag.
Listed in decreasing order of intensity, the effects of the individual components on
the erosion rate are Na2O, CaF2, Li2O and B2O3. The ultimate aim of the mould
slag optimization effort is stabilizing the operation by extending the submergence
entry nozzle service life.

Keywords ZrO2-C refractory � Rotation speed � Slag composition � Dissolution
rate

Introduction

Submerged entry nozzles (SEN) are extensively used in steel continuous casting to
prevent re-oxidation of the molten steel and to improve its flow behaviour [1]. In
general, SEN service life is limited by the erosion at the slag line zone. The slag line
zone is usually strengthened with ZrO2-C refractory because ZrO2 withstands
thermal shock and resists erosion from molten steel and slag to a higher degree than
Al2O3. The stability of continuous casting and the quality of steel products depend
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on SEN service life, and it is reported that the mould slag composition is a crucial
factor in refractory erosion [1–3]. A number of SEN erosion studies have been
previously performed [1–6]. For instance, Nakamura [3] concluded that slag with
low viscosity or high [F−] content causes greater erosion of ZrO2-C refractory.
Cirilli [5] proposed that high SiO2/low CaO activity slag causes high degree of
zirconia degradation. Wioeniewska [2] concluded that the erosion of SEN is
effectively suppressed by reducing the content of Li2O, Na2O and MgO in slag.
Previous research mainly focused on the erosion of SEN by conventional
CaO-SiO2-based slag, and accounts of the effects of the low-reactive slag with high
Al2O3 and low SiO2 contents designed for continuous casting of high-Mn high-Al
steel are rare. The current study was conducted to investigate the effect of slag for
high manganese–high aluminium steel on erosion of ZrO2-C refractory via the
rotating cylinder method.

Experimental

Material Preparation

Zirconia rods 1.0 � 10−2 m in diameter and 3.5 � 10−2 m in length were made
from the ZrO2-C refractories at a pressure of 180 MPa. The sample material with
granularity of *0.5 mm was selected from a commercial refractory manufacturer,
and the supplied ratio of chemical compositions is shown in Table 1. The slag
samples were prepared with high-purity CaCO3, SiO2, MgO, Al2O3, CaF2,
Na2CO3, Li2CO3, BaCO3 and B2O3 powders mixed in graphite crucible. The slag
samples were heated in the graphite crucible for 1 h at 1573 K to ensure complete
melting. The chemical compositions of the initial slag samples (after pre-melting)
are listed in Table 2.

Table 1 Chemical
composition of ZrO2-C
samples

ZrO2 % C (%) CaO (%) SiO2 (%) The others(%)

72.43 12 5.22 3.29 7.06

Table 2 Chemical composition of slag, wt%

Slag CaO + BaO + MgO Al2O3 SiO2 + B2O3 CaF2 Li2O + Na2O Fe2O3

CaO-Al2O3

based slag
41 18 22 10 9 0

CaO-SiO2

based slag
25.4 4.1 45.7 8.1 15.7 1
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Experimental Method

A schematic diagram of the experimental apparatus is shown in Fig. 1. The dis-
solution experiments were carried out at constant temperature (1673 K) under an
argon atmosphere in a resistance furnace with molybdenum disilicide elements.
Each 270 g pre-melted slag sample was placed in a 50-mm internal diameter gra-
phite crucible. When the slag was completely molten, the ZrO2-C rod was lowered
to a height of 10 cm above the slag surface and preheated for 10 min. After tem-
perature stabilized, the rod was immersed in the molten slag about 15 � 10−3m and
rotated for 120 min at varying rotational speeds. At the end of each experiment, the
ZrO2-C rod was withdrawn and cooled to room temperature in air. The observation
shows that the rods immersed in molten slag underwent different degrees of erosion,
in which the area at the interface of the molten slag and gas phase was eroded
severely, while the area that below the interface was not eroded significantly. Thus,
the erosion rate was determined from the average reduction of the diameter of the
rods in the area at the interface of the molten slag and gas phase.

Results and Discussion

Dissolution Rate of Zirconia Rod

The dissolution rate (cm s−1) of the ZrO2 rod is calculated by measuring the erosion
depth of the rod at the air–slag interface (for dissolution in molten slag), as given by
Eq. 1 [4]:

Fig. 1 Schematic drawing of experimental apparatus used to measure refractory erosion in molten
slag
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Rd ¼ do � dt
2t

ð1Þ

where t is the erosion time(s), and d0 and dt are the diameter of the rods before and
after the dissolution experiments (cm), respectively. The dissolution rate was
evaluated according to the reduction of rod diameter after rods were immersed for
2 h.

In order to compare the effect of conventional high SiO2 content slag with
low-reactive slag, the dissolution rate of ZrO2 rod was measured at 1673 K at
different rotational speeds. The results in Fig. 2 show that the erosion rate of
conventional slag is much higher than low-reactive slag. However, this study did
not consider molten steel; thus, the dissolution rate is lower than previous studies
that employed the rotational rod method [4]. Erosion of ZrO2-C refractories was
increased as the rotational speed of ZrO2 rod increased. Higher rotational promotes
the dissolution of oxide in molten slag and results in the aggravation of the erosion
of ZrO2-C refractories.

The effect of low-reactivity slag compositions on the dissolution rate of ZrO2-C
refractory was studied at 100 rpm and 1673 K. The data in Fig. 3 show the dis-
solution rate of zirconia rod increases with Na2O, F

−1, Li2O, B2O3 content and,
listed in decreasing order of intensity, the following component intensifies the
erosion rate: Na2O, CaF2, Li2O and B2O3. The Na2O and CaF2 are network inhi-
bitors that reduce slag viscosity by breaking up the silicate structure. The addition
of B2O3 also reduces slag viscosity because the B-O bond is weaker than the Si-O
bond. Reduction of slag viscosity accelerates the erosion of ZrO2-C refractories.

Fig. 2 Effect of slag
composition on the ZrO2-C
rod dissolution rate at 1673 K
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Microscopic Examination of the Rod Surface

Some ZrO2 rods that reacted with low-reactive slag were cut at the interface of
slag–refractory–air phase. The interface was examined by scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDXA). The SEM
micrograph and energy spectrum analysis are shown in Fig. 4 and Table 3.

In reference to Fig. 4, the dark material at point 6 is mainly graphite; points 1, 4
and 8 are zirconia containing partial CaO. Points 1 and 4 were located in the slag
zone, which contained little CaO, so it is possible that the CaO in stabilized zirconia
did not completely react or dissolve in the slag; it may be caused by the intrusion of
CaO in the slag. The light black material is also carbon, which was not oxidized
completely in the permeable zone.

As shown in Fig. 5, zirconia particles were eroded by slag penetration, which
created numerous holes. This phenomenon is mainly due to the reaction of CaO
with penetrated slag, which caused the instability of zirconia, resulting in the
break-up of the zirconia grain.

(a) (b)

(c) (d)

Fig. 3 Effect of individual slag components on the ZrO2-C rod dissolution rates at 1673 K
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Conclusion

The effect of slag composition for high manganese–high aluminium steel on erosion
of ZrO2–graphite refractory was investigated by rotating cylinder method. The
erosion rate of ZrO2-C refractory by low-reactivity slag was found to be lower than
conventional high SiO2 slag, and the dissolution rate increases with increased
rotational speed of zirconia rod. Also, erosion of ZrO2-C refractory was accelerated
by increasing the Na2O, CaF2 and B2O3 content of the slag, and the degree of
influence is Na2O > CaF2 > Li2O > B2O3. These components reduce slag viscosity

Fig. 4 Microstructure of
low-reactive slag A after
erosion (SEM � 1000)

Table 3 Local EDX analysis of the points labelled in Fig. 4

Element
(wt%)

C O F Na Al Si Ca Ba Zr

1 – 32.72 – – – – 1.90 – 65.38

2 – 37.80 13.69 2.97 8.26 8.37 15.04 8.32 5.55

3 46.31 20.28 6.47 1.82 5.30 5.26 9.03 5.53 –

4 36.61 – – – – 2.28 – 61.11

5 36.26 – – – 1.25 – 3.01 – 59.48

6 100 – – – – – – – –

7 – 36.81 13.07 3.22 9.22 11.24 17.70 8.74 –

8 – 24.90 – – – – 2.12 – 72.98

9 – 31.14 – – – – – – 68.86

10 7.38 36.53 13.60 2.81 5.95 8.18 12.60 7.41 5.55

11 32.45 35.30 5.41 2.01 1.77 1.88 5.30 – 15.89
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and change the surface tension of the slag. The erosion of ZrO2-C refractory is
explained by dissolution of the graphite phase and zirconia instability.
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A New Method for Determining
High-Temperature Wettability
of Bonding Phase

Yijia Dong, Guanghui Li, Chen Liu, Qiang Zhong,
Hu Sun, Jun Luo and Tao Jiang

Abstract High-temperature wettability of bonding phase can be elucidated by its
contact angle which is an important property reflecting the bonding behaviour
between bonding phases and unmelted components. A new method for determining
the high-temperature wettability of bonding phase was developed and applied to
analyse the liquid phase generation capability, liquid quantity and bonding strength.
Results showed that two cryogenic liquid generated areas of andradite and calcium
ferrite formation appeared in Fe2O3–CaO–SiO2 ternary system phase by thermo-
dynamic analysis and the initial temperature of liquid phase formation was divided
into three parts. The contact angle will decrease gradually with the increase of
furnace temperature until a constant value was reached which measured by a
professional software (PolyPro). A positive correlation has been found between
contact angle and liquid phase generation ability. This method is meaningful for
studying the high-temperature wettability of bonding phase.

Keywords High-temperature wettability � Iron ore � Phase diagram

Introduction

Sintering mineralization is a process to make part of the raw material melt after
serial complex chemical reactions at high temperature. Based on the sintering
process, whether binding phase coheres unfused ferrous minerals well,it will play a
vital role to the formation and strength of sinter [1]. In the sintering process of iron
ore, the low melting point compounds were generated by the solid phase reaction of
various mineral in sinter mixture, then, the liquid formed by the action in high
temperature to bond the surrounding unmelted containing iron content in molten
cooling process and got the sinter finally [2]. According to the micro-structure of
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finished sinter, the mainly consist of sinter have two parts: iron-bearing minerals
and bonding phase [3]. The strength of both iron-bearing minerals is very well, so
the sinter strength depends on the characteristics of bonding phase intensity
directly, which is the intensity of bonding phase and the bond strength between the
bonding phase and the unmelted components. At present, most studies based on the
intensity of bonding phase, the crushing strength and flexural strength of bonding
phase sample have been measured to be an evaluation index [4, 5], but there is less
research on bond strength of bonding phase.

Sintering is a high-temperature physicochemical process that depends on the
formation and crystallization of a liquid phase to bond ore particles. Wettability,
which can be characterized by the contact angle, is important for assimilation [6].
Nakashima et al. [7] have studied the wetting behaviour of CF slag with sintered
haematite. They concluded that the wettability of a CF-based slag on a sintered
haematite substrate can be improved by adding Al2O3 and that the spreading rate
increases with increasing η/c (viscosity/surface tension). Yu et al. [8] studied the
influence of the different ratio of flux on bonding phase wetting behaviour on
different substrate. They concluded that addition of certain amounts of MgO or
SiO2 or TiO2 can improve the wettability of CF to the Al2O3 substrate. Adding
MgO to the melt increases the spreading rate, and the addition of Al2O3 and SiO2

reduces the spreading rate on the TiO2 substrate. Zhu et al. [9] studied the bond
strength of bonging phase, they determining the shear force between binding phase
and unfused ferrous minerals as the bonding strength. Finally, they establishing
characteristic number about bonding strength of binding phase, it can be chosen as a
reference index to guide ore blending.

At present, most studies are focus on the bond strength of bonding phase or itself
intensity of bonding phase. There are very few studies about the role of bonding
phase plays in the process of sintering. In the paper, contact angle and bonding
strength of bonding phase were studied to analyse the high-temperature wettability
of bonding phase, and a method has been obtained to reveal its high-temperature
wettability.

Materials and Methods

Materials

In this study, the ideal phase compositions of Fe2O3-CaO-SiO2 (CFS) for liquid
formation were confirmed by FactSage 7.1. The pure-grade reagents (Fe2O3, CaO,
SiO2) were utilized to prepare the cylindrical bulk samples u 3 mm (CFS) in
dimension and approximately 60 mg in weight for the wetting experiment. The
samples were used for the wetting experiment.
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Wetting Experiment

The pure-grade Fe2O3 was utilized to prepare the Fe2O3 substrate in the wetting
experiment. The Fe2O3 reagent with 0.8 g weight was wetted by anhydrous ethanol
and pressed into a cylindrical pellet (u 10 mm) using a uniaxial hydraulic presser
with 700 kN pressure. The Fe2O3 substrate was put into an electric resistance
furnace of 1450 °C roasted for 2 h under air atmosphere, and then naturally cooled
to room temperature in the furnace. After cooling, the Fe2O3 substrate was ground
with an abrasive paper six times (100, 500, 1000, 1500, 2000, and 2500 CW
successively) to obtain a smooth surface. The Fe2O3 substrate was cleaned with
anhydrous ethanol using an ultrasonic wave cleaner for 10 min.

RDS—2010 automatic continuous casting slag melting point and melting speed
meter were used in the wettability measurement. The schematic of this experiment
is shown in Fig. 1. The experimental setup mainly includes a furnace, a heating
control system, a cooling water circulation system, a sample introduction system, an
atmosphere constant system, and an image-forming and data-processing system. In
summary, the operation involves heating the furnace by resistance to the experiment
temperature, pushing the sample into the high-temperature zone, and then capturing
photographs with a camera. A strong light was used to irradiate the sample and
reduce the strong background influence on the image. Photographs of test process
are shown in Fig. 2. The samples with the substrate after the wetting experiment
were embedded with resin and then vertically cut along the centre of the drop.

Fig. 1 Schematic of the wetting experiment
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The contact angle was measured by a professional software (PolyPro) from the
photographs. The cross-section of the drop was observed by SEM-EDS, and the
substrate was polished for SEM and EDS observations.

Bonding Strength Experiment

Determining the shear force between binding phase and unfused ferrous minerals is
the bonding strength. The pure-grade Fe2O3 was used to prepare the Fe2O3 sub-
strate (50 * 50 mm) for the shear force test. The Fe2O3 reagent with 25 g weight
was wetted by deionized water and pressed into a quadrate pellet using a uniaxial
hydraulic presser with 1500 kN pressure. The Fe2O3 substrate was loaded into an
electric resistance furnace of 1350 °C roasted for 2 h under air atmosphere, and
then naturally cooled to ambient temperature in the furnace. The quadrate Fe2O3

substrate had been cut into two kind pieces (40 * 6 mm and 20 * 6 mm). To obtain
a smooth surface, the Fe2O3 substrate was ground with an abrasive paper three
times (100, 500 and 1000 CW, successively).

The schematic diagram of shear force experiment is shown in Fig. 3. The
cylindrical bulk samples with u 3 mm (CFS) in dimension and approximately
60 mg in weight were used in the shear force experiment. Two pieces of shorter
Fe2O3 substrates (20 * 6 mm) were put in the corundum crucible in a straight line,
and they have a spacing distance about 30 mm. The sample was put on the Fe2O3

substrate in a range of 5 mm, and the longer Fe2O3 (40 * 6 mm) substrate was put
on the sample horizontally. Then, the corundum crucible with the sample and
substrates was put into horizontal furnace under nitrogen atmosphere. The samples

Fig. 2 The process of wetting experiment

148 Y. Dong et al.



were roasted at constant temperature of 1400 °C for 3 min. When the sample had
been sent into the highest temperature zone, it should be kept for 2 min, and then,
the sample was pulled out for cooling down. After 3 min cooling, the sample was
cut off at the middle and ground for the shear force test. Finally, the results of
wetting experiment and bonding strength experiment are combined to research the
high-temperature wettability of bonding phase.

Results and Discussion

Thermodynamic Calculation

With the change of the content of iron, calcium and silicon components as is show
in Fig. 4, the main content of Fe2O3–CaO–SiO2 ternary system phase includes
tridymite (SiO2), andradite (Ca3Fe2Si3O12), Ps-wollastoni (CaSiO3), rankinite
(Ca3Si2O7), calcium ferrite (CaFe2O4), dicalcium ferrite (Ca2Fe2O5)and calcium
diferrite (CaFe4O7). Two cryogenic liquid generation areas of andradite and cal-
cium ferrite formation area appear in Fe2O3–CaO–SiO2 ternary system phase. The
minimum generating temperature (1200.41 °C) is appeared at the cryogenic liquid
generated point, which is formed by andradite, tridymite and rankinite and the
components of ferric oxide, silicon oxide and calcium oxide content are 28.70,
50.55, 20.75 wt%, respectively. Because of the two cryogenic liquid generation
areas have a same content of calcium oxide, about 20 wt%, so the contents of
calcium oxide are determined to four scales of 15, 20, 25 and 30 wt% for
researching the component variation of Fe2O3–CaO–SiO2 ternary system at high
temperature.

Figure 5 shows the ternary system phase diagram of Fe2O3-CaO-SiO2 in the
composition of calcium oxide is 15 wt%. The main mineral phases are changed
from calcium ferrite to andradite with the increase of SiO2 component (SiO2/
Fe2O3 + (SiO2) (g/g)). The initial temperature of liquid phase formation is divided
into three parts by two points of 0.15 and 0.19 SiO2 components. The silica
composition of the demarcation point increase gradually with the increase of the

Fig. 3 Schematic diagram of shear force experiment
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Fig. 4 Ternary system phase diagram of Fe2O3-CaO-SiO2

Fig. 5 Ternary system phase diagram of Fe2O3-CaO-SiO2 under the condition of 15% CaO
composition
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composition of calcium oxide. Five different silica components located in the three
different initial temperature of liquid phase formation have been selected to study
the relationship between high-temperature wettability of bonding phase and sinter
quality at a determined calcium oxide composition.

Figure 6 shows the liquid phase generation capability and liquid quantity of
Fe2O3–CaO–SiO2 ternary system under the condition of 15% CaO composition.
The thermodynamic calculation results show that the Fe2O3–CaO–SiO2 ternary
system have three different initial temperature of liquid phase formation with the
increase of SiO2 composition, which is consistent with the phase diagram calcu-
lation. The final temperature of liquid phase formation decreased gradually at the
initial stage and then increased with the increasing of the SiO2 composition. When
the initial temperature of liquid phase formation achieved, a certain amount of
liquid phase is appeared and increased to 100% slowly. A significant turn appears
on the curve of the liquid phase quantity and the first stage grows faster than the
second, when the SiO2 component is 0.5. A point between the second and third
temperature range for liquid phase formation has been selected to calculate the
properties of the liquid phase, which the SiO2 component will increase with
the increase of CaO component. The quantity of liquid phase less than 1% before
the temperature achieved 1300 °C. When the temperature reaches 1300 °C, the
quantity of liquid phase has an extremely rapid improvement, and then increased to
100% slowly and gradually.

Wetting Behaviour

The wetting behaviour of each melt is illustrated in Fig. 7. The wetting behaviour is
started to appear with the increase of furnace temperature. The contact angle of

Fig. 6 Liquid phase generation capability and liquid quantity of Fe2O3–CaO–SiO2 ternary system
under the condition of 15% CaO composition
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different samples on Fe2O3 substrate has the same change rule that the apparent
contact angle gradually decreases with the increase of furnace temperature and then
reaches to a stable state. When the composition of calcium oxide is 15 wt%, the
wetting behaviours with different SiO2 composition are not the same along with the
temperature increase.

Figure 8 shows the comparison of the contact angle and liquid phase generation
ability. The comparison of contact angle and the temperature of liquid begin to form
is illustrated in Fig. 7a, and the comparison of contact angle and the temperature of
liquid formed completely is illustrated in Fig. 7b. Both Figs. 7a, b have the same
rule, which is the variation of contact angle is consistent with the variation trend of

Fig. 7 Temperature change of apparent contact angle of different samples on Fe2O3 substrate
under the condition of 15% CaO composition

Fig. 8 Comparison of the contact angle and liquid phase generation ability
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liquid phase generation ability. The researchers found a positive correlation
between the contact angle and liquid phase generation ability.

Conclusion

A new method has been designed to research the high-temperature wettability of
sinter bonding phase. The thermodynamic analysis of Fe2O3–CaO–SiO2 ternary
system has been calculated by FactSage 7.1. The phase diagram, Liquid phase
generation capability and quantity of the liquid phase has been calculated and
analysed, respectively. Two cryogenic liquid generated areas of andradite and
calcium ferrite formation appeared in the phase diagram of Fe2O3–CaO–SiO2

ternary system by thermodynamic analysis. With the increase of SiO2 composition,
the initial temperature of liquid phase formation of Fe2O3–CaO–SiO2 ternary
system was divided into three levels and five points were selected in the three levels
to study the high-temperature wettability. The contact angle decreased gradually
with the increase of furnace temperature until a constant value was reached.
A positive correlation has been found between contact angle and liquid phase
generation ability. The result of this experiment shows that this method is mean-
ingful for studying the high-temperature wettability of bonding phase.
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Research on Dezincification
of Ironmaking and Steelmaking Ashes

Yan Zhang, Xiaojiang Wu, Meng Xu, Gele Qing, Haoyu Cai,
Wenbin Huang, Yunqing Tian and Wenwang Liu

Abstract In this paper, research on dezincification in ironmaking and steelmaking
processes was carried out. Ashes of ironmaking and steelmaking, amylum and
bentonite were used as the experimental materials. Bentonite has no significant
effect on quality of green pellet by pelletizing process; pressing pressure should be
controlled at 10 MPa while using press machine to produce cold-bonded pellet;
falling strength of cold-bonded pellet would have a sharp increase while adding a
little sodium hydroxide in amylum; ZnO will be removed at a high temperature with
carbon contained in experimental materials, but removal rate decreases with the
increase of CaCl2; less than 30% of ZnO would be removed by adding calcium
chloride without carbon.

Keywords Dezincification � Ashes � Pelletizing � Cold-bonded pellet

Introduction

Iron-containing dust and sludge are generated during ironmaking and steelmaking
processes [1–3]. However, many of the dust and sludge contain zinc which is
harmful to blast furnace[4, 5]. Therefore, dezincification should be carried out
before the dust and sludge can be utilized.

Herck et al. reported a hydrometallurgical process, whereby the sludge was
leached under both acid (HCl) and oxidizing conditions [6]. Vereš et al. reported a
method of zinc removal by using microwave [7].

In this paper, experiments of pelletizing green pellet with discs and producing
cold-bonded pellet with press machine have been carried out to verify whether
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ashes of ironmaking and steelmaking can be used; zinc removal experiment has
been conducted in an electric tube furnace as well.

Materials and Experimental Methods

Ashes of ironmaking and steelmaking, amylum and bentonite were used in the
experiments. Chemical composition and particle size of the ashes used in experi-
ment are listed in Table 1.

ZnO content of ironmaking ash and steelmaking ash is 0.86 and 6.69%,
respectively. Dezincification must be carried out before the ash has been cyclically
utilized especially for steelmaking ash. Carbon content of ironmaking ash is
17.27%. Ironmaking and steelmaking ashes all have coarse particle sizes;
percentages of −200 meshes are 56.3 and 48.1, respectively.

Pelletizing Experiments

Green pellets were prepared for 10 min in pelletizing disc with diameter of
800 mm; pellets with size between 10 and 12.5 mm were screened out.

The pelletizing schemes are shown in Table 2. Five pelletizing schemes were
conducted.

Table 1 Chemical composition and particle size of materials (mass%)

Name TFe FeO SiO2 Al2O3 CaO MgO ZnO C <200
meshes

Ash of
ironmaking

43.87 24.38 7.11 4.06 4.64 0.71 0.86 17.27 56.3

Ash of
steelmaking

56.46 32.92 1.50 0.47 5.12 1.25 6.69 0.75 48.1

Table 2 Pelletizing schemes

No. Ash of
ironmaking
(%)

Ash of
steelmaking
(%)

Bentonite
(%)

Falling
strength
(0.5 m/No.)

Compression
strength (N/P)

Water
content
(%)

1 10 90 2.0 4.2 8.98 18.5

2 10 90 2.5 4.0 10.18 19.0

3 20 80 3.0 2.6 7.44 19.3

4 10 90 8.0 4.6 11.64 22.1

5 10 90 10.0 4.8 12.15 23.4
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The results show that: with the increase in bentonite content from 2 to 10%,
falling strength of green pellet remains stable and compression strength improves
slightly. But the quality of green pellet decreased sharply with the increase in
ironmaking ash from 10 to 20%.

Cold-Bonded Pellet Experiments

Press machine was used to produce cold-bonded pellet with ironmaking and
steelmaking ashes.

The cold-bonded pellet experiments with different pressing pressures are shown
in Table 3. The results show that: falling strength is increasing from 3 to 5 with the
increase in pressing pressure from 5 to 10 MPa, while falling strength decreases
from 5 to 1 when the pressing pressure further increased up to 40 MPa.

It is suggested that pressing pressure should be controlled at 10 MPa while using
press machine to produce cold-bonded pellet.

The cold-bonded pellet experiment with amylum is shown in Table 4. Falling
strength remains 1 with the increase in amylum from 2 to 3% despite using

Table 3 Cold-bonded pellet experiment schemes with different pressing pressure

No. Ash of
ironmaking (%)

Ash of
steelmaking (%)

Bentonite
(%)

Pressing
pressure (MPa)

Falling strength
(1 m/No.)

1 10 90 10.0 5 3

2 10 90 10.0 10 5

3 10 90 10.0 20 4

4 10 90 10.0 30 1

5 10 90 10.0 40 1

Table 4 Cold-bonded pellet experiment with amylum

No. Ash of
ironmaking
(%)

Ash of
steelmaking
(%)

Amylum
(%)

Sodium
hydroxide
(%)

Pressing
pressure
(MPa)

Falling
strength (1 m/
No.)

1 100 2 10 1

2 100 3 10 1

3 100 2 0.5 10 3

4 100 3 0.5 10 5

5 100 2 10 1

6 100 3 10 1

7 100 2 0.5 10 3

8 100 3 0.5 10 3
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ironmaking ash or steelmaking ash. However, falling strength of cold-bonded pellet
would have a sharp increase while adding a little sodium hydroxide in amylum.
Because amylum will react with sodium hydroxide and hydrophilicity of amylum
will have a significant increase.

The cold-bonded pellet experiment with cement is shown in Table 5. Falling
strength will reach 6 when only steelmaking ash is used to produce cold-bonded
pellet. Falling strength is 2 when ironmaking ash is used, but it will have a sharp
rise after a curing of 24 h.

Dezincification Experiment

Due to the high melting point and boiling point of ZnO, 1973 and 2360 °C,
respectively, ZnO can be hardly removed at oxidizing atmosphere. However, the
melting point and boiling point of Zn are 419 and 911 °C. Dezincification can be
realized easily if ZnO is reduced to Zn.

Melting point and boiling point of ZnCl2 are only 283 and 732 °C. If the
reaction below occurred, ZnO can be removed as well.

ZnOþCaCl2 ! ZnCl2 þCaO

Two kinds of ironmaking ashes and one kind of steeling making ash were used
in the experiment. Chemical compositions are listed in Table 6.

Dezincification experiment schemes are listed in Table 7. Firing experiments
were conducted in an electric tube furnace, and the firing temperature was 1100 °C
under air condition. ZnO removal rates of different experiments were calculated.

Table 5 Cold-bonded pellet experiment with cement

No. Ash of
ironmaking
(%)

Ash of
steelmaking
(%)

Cement
(%)

Curing
time
(h)

Pressing
pressure
(MPa)

Falling
strength
(1 m/No.)

1 100 5 0 10 6

2 100 5 24 10 7

3 100 5 0 10 2

4 100 5 24 10 6

Table 6 Chemical
compositions of ashes

Content (%) K2O Na2O ZnO C

Ironmaking ash 1 0.61 0.40 0.79 17.34

Ironmaking ash 2 3.58 1.47 3.55 20.22

Steelmaking ash 1.54 0.76 6.69 0.75
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Removal rate of ZnO is defined as follows: where M1 is the initial ZnO content
of mixing materials and M2 is the ZnO content of mixing material after heat
treatment.

ZnO removal rate %ð Þ ¼ M1 �M2

M1

As shown in Fig. 1, ZnO could react with carbon at high temperature, and
removal rate of ZnO would be more than 90% with about 18% carbon contained in
the mixing materials. However, removal rate of ZnO in ironmaking ashes slightly
decreases with the increase of CaCl2.

Figure 2 shows that removal rate of ZnO had a slight increase with the increase
of CaCl2 with no more than one per cent carbon contained in the mixing materials,
but the removal rate was no more than 30%.

Table 7 Dezincification experiment schemes by mixing ironmaking and steelmaking ashes

No. Ironmaking
ash 1 (%)

Ironmaking
ash 2 (%)

Steelmaking
ash (%)

CaCl2
(%)

Bentonite
(%)

Carbon
content
(%)

ZnO
removal
rate (%)

1 50 50 3 18.23 93.0

2 50 50 1 3 18.06 97.8

3 50 50 3 3 17.72 92.8

4 50 50 5 3 17.39 73.9

5 100 3 3 0.71 25.2

6 100 5 3 0.69 27.4

7 100 10 3 0.66 27.0

8 100 12 3 0.65 27.6

Fig. 1 Removal rate of ZnO
with carbon-contained
ironmaking ashes
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Conclusions

Research on dezincification in ironmaking and steelmaking processes was carried
out. Ashes of ironmaking and steelmaking, amylum and bentonite were used as the
experimental materials. The following conclusions can be drawn from this work:

1. Bentonite has no significant effect on quality of green pellet by pelletizing
process;

2. Pressing pressure should be controlled at 10 MPa while using press machine to
produce cold-bonded pellet;

3. Falling strength of cold-bonded pellet would have a sharp increase while adding
a little sodium hydroxide in amylum;

4. Falling strength will have a sharp rise after a curing of 24 h when ironmaking
ash is used;

5. ZnO will be removed at a high temperature with carbon contained in experi-
mental materials, but removal rate decreases with the increase of CaCl2;

6. Less than 30% of ZnO will be removed by adding calcium chloride without
carbon.
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Effects of Temperature and Alkali
Carbonates on Graphitization
and Metallurgical Properties of Coke

Rongjin Zhu, Shengfu Zhang, Guangsheng Suo, Yue Wu,
Xiaohu Zhou and Shuxing Qiu

Abstract In this paper, metallurgical cokes containing different proportion of
alkali carbonate were subjected to treatment with annealing under N2 temperature
from 1100 to 1600 °C to investigate graphitization and metallurgical properties of
coke. The annealed coke powder was characterized using weight method, I-drum
tumbling, X-ray diffraction and optical microscope. The results clearly showed that
the weight loss increased with the increasing of temperature. The Na2CO3 (or
K2CO3) also effectively accelerated the weight loss. Combined with the crystallite
structure, it could be shown that the La and Lc of coke increased with the increasing
of temperature, while the d002 revealed the opposite trend. It could also be shown
that alkali carbonates destroyed crystallite structure. From optical micrographs, it
could be seen that the porosity of coke increased with the increasing of temperature.
The large pores decreased while the micropores increased gradually which revealed
that alkali carbonates destroyed pore structure. The destruction of potassium car-
bonate was more obvious.

Keywords Coke � Alkali carbonate � Crystalline structure � Porosity

Introduction

Coke is an indispensable material in iron-making, playing a crucial role in the
process [1–4] and acting as:

(1) A fuel, to provide 70–80% heat for the blast furnace operation;
(2) A reductant (the fixed carbon in coke and carbon monoxide are all reductant for

iron ores);
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(3) Carburizing agent for molten iron;
(4) Supporting spine of burden to maintain the permeability of the blast furnace.

In recent years, with the development of large-scale blast furnace, increase of
pulverized coal injection rate, the role of coke as supporting the furnace stack is
becoming increasingly prominent and the framework function of coke can’t be
undertook [5]. However, the factors of coke degradation in the blast furnace come
from various aspects. The coke reactivity in the blast furnace is increased due to the
addition of catalysis, both the strength and size of coke are decreased because of the
mechanical damage, thermal stress, background reaction and slag corrosion [2, 6].
Thus, mechanical and thermal strength of metallurgical coke is much higher than of
the coke load in blast furnace. In recent years, the degradation behaviour of coke in
blast furnace was deeply studied by domestic and foreign scholars [2, 7, 8]. The
results showed that mechanical damage, thermal stress and background reaction
were the dominant reasons leading to crushing and powdering of coke. It was also
found that the circulation and accumulation of harmful elements generated by high
furnace pressures, increased the solution loss reaction and accelerated the degra-
dation of coke in lower zone of the blast furnace. Wang et al. [5] have studied the
influence of zinc on the solution loss reaction of coke using impregnation method of
zinc acetate solution. Potassium and sodium are present in different zones of the
blast furnace [9]. Both theoretical calculation and investigation of coke samples
from dissected blast furnace have demonstrated the presence of potassium and
sodium mainly as carbonates in the coke at 900–1200 °C [10]. Kaczorowski and
Lindstad [11] have investigated the effect of potassium as a catalyst for the solution
loss reaction using a gaseous impregnation technique. Mei et al. [12] studied the
mineral transformation behaviours during sodium carbonate-catalysed CO2 gasifi-
cation of high-alumina coal, whereas Xing et al. [13] have evaluated the effect of
annealing temperature with gasification on coke weight loss and graphitization.

In this paper, the effects of catalysis of Na2CO3 (K2CO3) and annealing tem-
perature on the coke powdering, coke pore structure, carbon structure were sys-
temically studied under simulated temperature in the blast furnace by using X-ray
diffraction (XRD) and optical microscope.

Experimental and Methods

Materials

Four different types of coal (Coking coal (ZJ), 1/3 coking coal (1/3ZJ), fat coal
(FM), lean coal (SM)), from Anshan Steel, were chosen as coal samples. The
proximate and ultimate analyses of these coals are presented in Table 1, respec-
tively. These raw coals were crushed and sieved to particles from 0.5 to 3.0 mm,
dried in an oven at 105(±5) °C until the mass was constant.
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Carbonization Process

In the experiment, a total of 2 kg dry blending coal with 20wt% of fat coal, 30wt%
of coking coal, 40wt% of 1/3 coking coal, and 10wt% of lean coal was mixed
uniformly. The blending coal was placed in the reactor (vertical tube type coke
oven) with inner diameter of 100 mm and height of 500 mm, whose stack density
was 0.9 t/m3. The coke oven was firstly heated from room temperature to 800 °C
(10 °C/min), then to 1100 °C (5 °C/min) and finally kept at the constant temper-
ature for 6 h.

Preparation of Coke Samples

Solution impregnation method was used to prepare alkali carbonate-enriched coke
in this study. The experiment scheme of Na2CO3 (K2CO3) loading is shown in
Table 2. The procedure was as follows:

(1) A 20 g coke sample with particle size from 10 to 15 mm;
(2) The sample was placed into an aqueous solution of 10mass% Na2CO3 (K2CO3)

and the boiled at 70 °C at different time for loading various concentration of
Na2CO3 (K2CO3);

(3) Setting mixture aside at room temperature for 24 h;
(4) Addition of alkali carbonate-enriched coke into oven at 105(±5) °C for 48 h.

Table 1 Proximate and ultimate analyses of ZJ, 1/3ZJ, FM and SM coal

Coal Proximate analysis/% Ultimate analysis/%

Mad Ad Vd FCd Cd Hd Nd Od Sd
1/3ZJ 2.34 7.12 31.95 60.94 78.30 5.25 0.94 8.24 0.15

FM 1.74 9.61 28.67 61.72 77.27 4.61 1.36 5.68 1.47

ZJ 2.30 7.52 20.57 71.90 81.35 4.58 1.45 4.73 0.37

SM 1.70 13.92 15.78 70.30 76.44 3.89 1.25 4.50 1.06

ad: air-dry basis; d: dry basis

Table 2 Experiment scheme of Na2CO3 (K2CO3) loading

Label Concentration of
Na2CO3

Load of Na2CO3

(%)
Concentration of
K2CO3

Load of K2CO3

(%)

1 10% + boiling
50 min

3.25 – –

2 – – 10% + boiling
60 min

4.59
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Annealing

A 20(±0.5) g of the above prepared coke samples were charged into corundum
crucible placed in high-temperature silicon-molybdenum furnace in N2 atmosphere
(99.99%) at the rate of 5 L/min all the time. The coke samples in the furnace were
firstly heated with the heating rate of 10 °C/min to 1100 °C. Then the heating rate
was changed to 5 °C/min. The samples were kept for additional 2 h at target
temperatures of 1100°, 1200°, 1300°, 1400°, 1500°, 1600 °C, and then cooled in air
to the room temperature. The original coke sample was labelled as raw coke; while
samples without loading Na2CO3, after annealing, were labelled sequentially as
C-1100 to C-1600. Samples loaded with Na2CO3 (or K2CO3), after annealing, were
named as CN-1100 to CN-1600 (or CK-1100 to CK-1600).

The coke samples heated at different temperatures were taken out for I-type
drum and rotated (20 rotations/min for 100 rotations). Then, the annealed samples
were sieved by different screens (15, 10, 5, 1, 0.5, 0.074 mm) to obtain the particle
size distribution.

The weighing method was used to measure the weight loss of samples before
and after annealing, and then evaluated by Eq. (1):

Weight loss ¼ mb

mb � ma
ð1Þ

where mb and ma are the mass of samples before and after annealing, respectively.

X-Ray Diffraction

Carbon structure has an essential influence on the property of coke. X-ray
diffraction technique is one of the most common methods to evaluate carbon
structure parameters. XRD specimens were prepared by using fine powder about
200 mesh in size. The Escalab 250Xi powder diffractometer was used to acquire
XRD spectrum over the angular range from 10 to 90° using Cu Ka radiation, at the
step size of 0.02. The crystallites sizes of coke were evaluated by analysing the
width of crystallite layer in the horizontal direction(La), the average stack height
(Lc) and the interlayer spacing (d002) by using Eqs. (2–4):

La ¼ 1:84k
b100cos h100ð Þ ð2Þ

Lc ¼ 0:89k
b002cos h002ð Þ ð3Þ
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d002 ¼ k
2sin h002ð Þ ð4Þ

where k is the wavelength of X-ray, h100 and h002 are the corresponding scattering
angle (100 and 002), respectively. The b100 and b002 are the full with at half
maximum of the diffraction peak (100 and 002).

Analysis of Pore Structure

A representative analysis of each sample was based on 10 images taken from 10
different lumps of sample. Microscopical analysis was carried out by a Zeiss
microscope using Nikon camera (magnification �5). The pores and walls of cokes
were distinguished by black and white areas by using software Imagine Pro Plus
6.0. The porosity was also calculated by using the same software [14].

Results and Discussion

Weight Loss of Cokes During Annealing

A series of chemical and physical reactions occurred under high-temperature heat
treatment resulting in weight loss of cokes (see Fig. 1). Results show clearly that
with the increasing of annealing temperature, weight loss of cokes increased.
K2CO3-absorbed coke has approximately 2–5 times than higher weight loss at
lower temperature, than the Na2CO3-absorbed coke and raw coke, respectively.
Nevertheless, as the temperature increases to 1600 °C, the weight loss of K2CO3-
loaded coke is nearly 1.5–2 times lower in comparison with the Na2CO3-absorbed
coke and raw coke. The highest weight loss after annealing showed K2CO3 sample,
and the lowest the raw coke.

Coke Particle Size Distribution After Annealing

Due to different temperature in different parts of the blast furnace, the particle size
distribution of cokes clearly changed as a function of carbonization. After annealing
in the I-type drum, three coke samples were screened to obtain particle size dis-
tribution, as shown in Fig. 2. The results showed that the particle size of three cokes
exhibited the same trend, e.g. the percentage of coke with size within 0.074–0.5,
0.5–1, 1–5 mm increased with the increase of annealing temperature. On the
contrary, the content of coke within 10–15 mm decreased with the increasing of
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Fig. 1 Weight loss of cokes after annealed

Fig. 2 Particle size distribution of raw coke, Na2CO3-absorbed coke and K2CO3-absorbed coke
after different annealing temperatures
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annealing temperature. No obvious changes were observed for the samples with
particle size between 5 and 10 mm. In comparison with the raw coke, it was also
found that with the addition of K2CO3 (Na2CO3), the percentage of coke powder
(particle size of 0.074–0.5, and 0.5–1 mm) clearly increased. The reason for this
phenomenon is probably due to reaction of sodium carbonate, K2CO3 and Na2CO3

with coke ash to albite and nepheline. Particularly, the nepheline formation leads
generally to volume expansion. At the same time, K2CO3 may react with coke
matrix to form C6K (interlayer compound) which destroys coke matrix and
accelerates coke pulverization.

Evolution of Carbon Crystallite Structure

The change of carbon crystallite parameters (Lc, La, d002) under different annealing
temperatures are shown in Fig. 3. In the temperature range of 1100–1600 °C, the
crystallite size of all samples increased with increasing annealing temperatures. The
results clearly indicate the further increase in the ordering of the carbon structure. In
contrast, it could be found that the d002 values of samples obtained with increasing

Fig. 3 Crystallite size of raw coke, Na2CO3-absorbed coke and K2CO3-absorbed coke after
different annealing temperatures
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temperatures decreased gradually varying from 3.456 to 3.413 Å for raw coke,
from 3.456 to 3.417 Å for Na2CO3-absorbed coke and from 3.457 to 3.426 Å for
K2CO3-absorbed coke, respectively. The results indicate that the interlayer spacing
is increased gradually with loading Na2CO3 and K2CO3 on cokes which illustrates
the carbon crystallite is destroyed by Na2CO3 and K2CO3.

Morphological Analysis

The porosity of all samples is presented in Fig. 4. The porosity of the raw coke is
41.2%, the increase of sample porosity was more noticeable after annealing,
especially with the increased annealing temperature. When the temperature
increased to 1600 °C, the porosity of sample reached 56.5%. Thus, the heat
treatment of sample at 1600 °C caused 15% porosity increase. The highest porosity
was observed for K2CO3-absorbed sample and the smallest for raw coke.

Fig. 4 Porosity of raw coke, Na2CO3-absorbed coke and K2CO3-absorbed coke after different
annealing temperatures
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Conclusions

The effect of annealing and alkali carbonate on graphitization and metallurgical
properties of coke were studied by weight loss method, X-ray diffraction and image
analysis. The major conclusions are summarized below:

1. Annealing temperatures and alkali carbonate increase the powdering of cokes.
2. The crystallite size of all samples increased with increasing annealing

temperatures.
3. The carbon crystallite is destroyed by Na2CO3 and K2CO3.
4. Heating treatment increases the porosity of all cokes.
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Field-Assisted Sintering
of Nickel-Based Superalloy Powder
for High-Temperature Hybrid
Turbine Disc Applications

Charis I. Lin, Sebastian Niuman, Namiko Yamamoto, Anil Kulkarni
and Jogender Singh

Abstract Turbine discs are currently made of nickel-based superalloys, known for
their high strength and creep resistance at high temperatures. Hybrid or
dual-microstructure turbine discs allow for significant weight savings, but current
methods of joining dissimilar nickel-based superalloys such as friction welding
exhibit a heat-affected zone and localized melting at the interface, leading to weak
bonding. Here, we show that field-assisted sintering technology may be used to
sinter the nickel-based superalloy powder CM247LC to high relative density, and
the effect of sintering temperature and time on porosity, grain size, and mechanical
properties of CM247LC is investigated. We also show that the same technology
may be used to form hybrid discs with a solid Inconel 718 core and a powder-
sintered CM247LC rim without the formation of a heat-affected zone at the
interface. Two different joining angles between the two materials in the hybrid discs
are explored, and preliminary results suggest that the joining angle does not affect
the tensile properties of the material interface.
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Introduction

Effective hybridization of the turbine disc improves life cycle costs by allowing for
enhanced thrust-to-weight ratios and thermal stabilities in the high-temperature and
high-stress environment. Currently, a heavy mechanical joint connects single
crystal turbine blades to a polycrystalline disc. Hybridization, or joining compo-
nents directly without a mechanical joint, results in a significant weight reduction,
and the component materials can be tailored to meet the different mechanical and
thermal requirements for the different portions of the assembly, as seen in Fig. 1.
One approach to hybridization is joining dissimilar nickel (Ni)-based superalloys in
the turbine disc using solid-state joining, but current joining methods result in weak
bonding with localized melting at the interface. In the current study, field-assisted
sintering technology (FAST) is used to manufacture hybrid discs via solid-state
joining because of FAST’s versatility, short sintering times, and joining
capabilities.

To achieve high thermal and mechanical properties, polycrystalline turbine discs
are made from Ni-based superalloys via powder metallurgy followed by forging.
Ni-based superalloys display high strength and creep resistance at high tempera-
tures, with current rim temperature capabilities above 700 °C and are one of the
only materials that can withstand the high-temperature turbine environment [1].
Although ceramics exhibit high strength and thermal properties, their brittleness
makes them unfit for use in turbine disc applications. The current difficulty in
forming hybrid or dual-microstructure discs is joining dissimilar Ni-based super-
alloys without a weak interface while maximizing weight savings, so a novel
joining method is needed.

Previous efforts in forming hybrid or dual-microstructure turbine discs include
inhomogeneous heat treatments and friction welding. Dual microstructure was
achieved by heating the rim of the disc over the c′ solvus temperature while keeping
the core under the solvus temperature using a variety of heating methods [2–5]. The
result was a gradient variation in grain size, with the rim of the discs having a larger
grain size than the core. The limitation of forming dual-structured turbine discs
using heat treatments is that the same base material is used throughout the disc, and
the capabilities of the base material, therefore, limit the changes in microstructure.

Rim:
Higher thermal stability
Higher creep resistance
Larger grain size

Core:
Higher toughness
Higher fa gue strength
Smaller grain size

Disk Core

Disk Rim

Disk Core

Fig. 1 Targeted properties of
a hybrid turbine disc. Relative
grain size (not to scale) is
illustrated
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Thus, joining dissimilar alloys to form one disc would lead to greater potential for
optimization of the disc materials. Currently, the most successful joining process for
disc materials is friction welding, a solid-state joining method where localized
friction leads to a plasticized interface and localized melting. After the relative
movement stops, a forging force consolidates the weld [6]. One series of studies
joined polycrystalline MAR-M247 and single crystal low solvus high refractory
(LSHR) Ni-based superalloys using inertia friction welding, but the weld led to
inconsistencies at the weld interface, including a 4–5 mm heat-affected zone,
localized melting, and residual stresses [7, 8]. An improved method to join dis-
similar Ni-based superalloys without such deformations is desired.

Our proposed method of manufacturing hybrid turbine discs is to perform
solid-state joining of dissimilar Ni-based superalloys using field-assisted sintering,
also known as spark plasma sintering (SPS). FAST combines direct-current-driven
temperature with pressure to sinter materials, as seen in Fig. 2. A wide variety of
materials, including metals, refractory metals, intermetallics, and ultra-high-
temperature ceramics, can be sintered using FAST [9]. Meanwhile, few studies
exist regarding the sintering of Ni-based superalloys via FAST. FAST has also been
used to join dissimilar materials through functional grading or solid-state joining,
resulting in interfaces free of localized melting [9–11]. Because of its versatility and
joining capabilities, FAST may be a candidate for manufacturing hybrid discs.

Before taking advantage of this technology for hybrid disc applications, more
research is needed to understand the processing–structure–property relationships
during the joining of dissimilar Ni-based superalloys using FAST. In this work, we
examine the effect of FAST parameters on the microstructure and mechanical
properties of sintered CM247LC powder and then study the resulting characteristics
of hybrid discs joined using FAST. Microscopy, microindentation, and tensile
testing are used as the main analysis tools.

Materials and Experimental Procedures

Both single-material discs and hybrid discs were formed in this study. CM247LC
powder was chosen as the material for the single-material discs and the hybrid disc
rim. CM247LC is a Ni-based superalloy specifically designed for directionally
solidified turbine blade applications. The material was derived from the superalloy
MAR-M247 and exhibits an increased ductility and carbide stability [12]. The
CM247LC powder used was spherical with a diameter of *105–149 µm.
The density of the sintered samples was measured using Archimedes’ method. The
measured density of sintered samples exhibiting zero porosity was 8.62 g/cc,
slightly greater than the density of 8.52 g/cc listed in previous literature [12]. The
difference in density possibly results from impurities in the powder or a slight
deviation of the powder material from the nominal composition. The hybrid disc
core material was Inconel 718, a Ni-based superalloy used for high-temperature
applications.
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In order to understand the material structures and behaviours of FAST-sintered
CM247LC samples, single-material CM247LC discs were sintered before fabri-
cating hybrid discs. Sintered single-material discs underwent a predetermined sin-
tering process, with sintering temperature, time, and pressure as variables, as seen in
Fig. 3. First, the rams steadily applied 5 kN of force to initially compact the powder
in the graphite die. Second, the material temperature increased to the specified
temperature at a rate of 50 °C per minute. The pressure simultaneously increased,
initially at a lower rate (*7 kN/min) and then at a higher rate (*28 kN/min) so the

Fig. 2 FAST sintering mechanism
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desired sintering pressure was reached at the same time as the desired temperature.
The material was held at this pressure and temperature for a given time, usually
15 min. Third, an optional hold step with an increased temperature and decreased
pressure immediately followed; increasing temperature for the second hold step
allowed the material to reach a higher temperature and exhibit further grain growth
while decreasing pressure minimized flashing. Finally, after the hold step(s),
water-cooled rams quickly cooled the die assembly while pressure was gradually
released.

The sintered samples’ size and sintering parameters were constrained by the FAST
unit capabilities, die material strength, powder temperature capabilities, and
dimensions needed for tensile testing. The thickness of the 40 and 80 mm diameter
CM247LC discs varied between 3 and 4.5 mm, the hold step pressure varied between
35 and 45 MPa, the hold step temperature varied between 1150 and 1260 °C, and
the hold step time varied between 15 and 25 min. The discs’ microstructures and
mechanical properties were measured, as summarized in the following section.

Based on our understanding of FAST-sintered CM247LC discs, we formed hybrid
discs of 70 mm diameter by sintering CM247LC powder for the rim material and
simultaneously bonding the powder to a solid Inconel 718 disc. Producing hybrid
discs using FAST required a more unconventional die assembly. The die assembly in
Fig. 4 allowed for the inner Inconel 718 disc to be held in place while the powder was
compacted and sintered around the disc. Using this die assembly, several discs with a
45° angle between the two materials were manufactured, as seen in Fig. 4, as well as
discs with a joining surface parallel to the thickness of the disc (0°). Powder height
was adjusted so the thickness of the rim powder matched the powder height above the
solid inner disc, allowing the pressure on the disc to be maintained while the powder
compacted. To simplify the manufacturing process, the optional second hold step
was not used. The list of hybrid discs manufactured is shown in Table 1.
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Piston Travel

1260°C
45 MPa

5 minutes

Heat up to 1300°C (50°C/min)
Decrease pressure to 35 MPa

1300°C
25 MPa

5 minutes

1. Pressing

2. Increase T and 
P, hold

3. Op onal: Decrease 
T and increase P, hold

4. Slowly cool

Fig. 3 Sintering parameters for an 80 mm diameter CM247LC disc. The disc was sintered first at
45 MPa and 1260 °C for 5 min, then at 25 MPa and 1300 °C for 5 min before cooling
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Results and Discussion

Effect of Sintering Parameters on Microstructure

Sintered CM247LC discs of 80 mm diameter showed decreasing porosity with
increasing sintering temperature, with greater porosity near the outer edges of the
discs. The gradient of porosity throughout the sample may result from a temperature
gradient through the disc; the outer edges of the disc see more heat loss than the
centre of the disc, allowing greater diffusion between powder particles near the
centre of the disc. The porosity gradient may also be caused by a difference in

Fig. 4 Assembly of graphite or carbon fibre reinforced carbon die, machined inner disc, and
powder rim for manufacturing of hybrid disc

Table 1 Processing parameters (joining angle, thickness th., pressure P, temperature T, and
time t) for hybrid discs and resulting densities q

Sample # Joining Angle (°) th. (mm) P (MPa) T (°C) t (min.) q (g/cc) q (%)

1 45 3 45 1225 15 8.4039 97.5

2 45 3 45 1200 30 8.4720 98.3

3 45 3 45 1200 25 8.4518 98.0

4 45 2.5 45 1200 25 8.4494 98.0

5 45 2.5 45 1225 15 8.5547 99.2

6 45 2.5 45 1225 15 8.5256 98.9

7 0 3.2 45 1200 25 8.3465 96.8

8 0 3.2 45 1225 20 8.5156 98.8

9 0 3.2 45 1225 20 8.5050 98.7

10 0 3.2 45 1225 20 8.5492 99.2

11 45 3.2 45 1225 15 8.4565 98.1

12 45 2.5 45 1225 15 8.5082 98.7
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pressure throughout the sample. Even if the powder initially had a uniform thick-
ness before sintering, there may be a slightly lower pressure where the powder
contacts the ductile graphite foil lining the inside edge of the die, causing the
porosity to exit the powder from the centre of the sample outwards, as hypothesized
in Fig. 5. An increase in temperature from 1225 to 1260 °C reduced porosity in the
disc centre region, but a small amount of porosity remained at the disc edges.
Sintering temperatures higher than 1260 °C may further decrease porosity.
However, with an increase in sintering temperature, flashing also increased at the
edges of the sintered discs; an increase in material leakage between mould surfaces
resulted from the increased ductility of the samples at high temperatures.

The introduction of a second sintering step of increased temperature and
decreased pressure was observed to effectively decrease porosity, even at the
regions close to the edges of the discs, while minimizing flashing. Although
porosity was significantly reduced with the two-part hold step process, especially
when the temperature of the second hold step was increased further, slight porosity
still remained at the edge of the samples, as seen in Fig. 6. The reduction in porosity
with increasing temperature demonstrates that volumetric sintering dominates at the
centre of the disc, and porosity and defects migrate to the edge of the disc during
sintering. Further optimization of sintering time, pressure, and temperature is
needed to achieve minimum porosity and defects at the edge of the discs.

Fig. 5 Possible variation of
axial force with radius;
hypothesized migration of
pores and defects with
increasing sintering
temperature is shown

Fig. 6 Optical micrographs of the edge of sintered CM247LC samples. a Single hold step,
b two-part hold step
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Alternatively, if porosity only remains at the edges of the sintered samples, as seen
with the samples sintered with a two-part sintering step, machining the edges off the
sintered samples could eliminate porosity.

Next, the effect of sintering parameters on grain size and shape was evaluated.
The centre region of sintered CM247LC discs was inspected using optical micro-
scopy. As shown in Fig. 7, increased sintering temperature led to an increase in
grain size, reduction in porosity and reduction in the number of retained spherical
structures that remained from the spherical superalloy particles. The grain size of
the powder sintered at 1225 °C was approximately 16 µm, which is quite small.
Because the CM247LC would be used as the rim material, a larger grain size is
desired to improve creep resistance at high temperatures. An increase in sintering
temperature to 1260 °C increased the grain size to 31 µm, and the number of
spherical structures also decreased, with the sample sintered at 1260 °C generally
showing equiaxed grains. Introduction of the second sintering step with increased
temperature and decreased pressure was observed to further increase the grain size
to 40 µm, as seen in Fig. 7d.

(a) (b)

(d)(c)

Fig. 7 Optical micrographs of sintered CM247LC samples of 80 mm diameter. Waterless
Kalling’s Etch. The samples were sintered at a 1225 °C, b 1250 °C, c 1260 °C, d 1260 °C
followed by 1300 °C
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Effect of Sintering Parameters on Mechanical Properties
of FAST-Sintered Single-Material CM247LC Discs

Sintering temperature did not significantly affect the elastic moduli of FAST-sin-
tered CM247LC discs. Elastic modulus was estimated by measuring ultrasonic
sound velocity through the sintered samples, with resulting values seen in Table 2.
The elastic moduli for all the samples are comparable, with most around 230–240
GPa. The sample sintered at 35 MPa exhibited a lower elastic modulus than the
samples sintered at higher pressures. However, porosity seen in the samples sin-
tered at 35 MPa may have skewed the sound velocity measurement.

Meanwhile, the FAST-sintered single-material CM247LC discs exhibited
slightly higher hardness values when sintered at higher temperatures (>1260 °C),
despite the larger grain size. The hardness of the sintered samples was measured
using a 1 kg load and a standard Vicker’s indenter, with values shown in Table 2.
The higher hardness may be due to precipitation of secondary phases with higher
sintering temperatures.

Mechanical Properties of Hybrid Discs

After exploring the effect of sintering parameters on the properties of
single-material CM247LC discs, the mechanical properties of hybrid discs formed
using FAST were also explored. The rim–core interface was inspected at the cross
section, as shown in Fig. 8. Some oxide formation was observed that may be
associated with an oxide layer at the surface of the powder particles. Some porosity
was still seen within the sintered CM247LC material, so processing parameters
need to be further optimized to reduce porosity.

First, the mechanical properties of the rim and core materials were measured
separately. The elastic modulus of both the sintered CM247LC rim and the Inconel
718 core was comparable to the parent materials, as seen in Table 3. The hardness
across the interface showed a sharp transition between the two materials. When

Table 2 Hardness and elastic modulus of sintered CM247LC discs of 80 mm diameter

Pressure (MPa) Temperature (°C) Modulus (GPa) Hardness (HV)

35 1225 215 401 ± 23

45 1240 238 411 ± 5

45 1250 236 394 ± 15

45 1260 235 405 ± 7

45–25 1260–1275 238 418 ± 5

45–25 1260–1300 240 417 ± 2

45–35 1260–1300 241 415 ± 4
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comparing discs with a 0° joining angle to discs with a 45° joining angle, elastic
modulus as measured via the acoustic sound velocity method did not differ sig-
nificantly between the two joining angles. However, the 45° hybrid disc measured
showed a significantly higher hardness (428 and 232 VHN) than the 0° hybrid disc
(400 and 199 VHN) in both rim and core materials, respectively. This may be
because of the thickness of the samples; due to the die mould set-up, the 45° hybrid
discs were less thick than the 0° discs, which may result in a higher temperature
gradient during the sintering and joining process. The difference may also be
attributed to the sintering time: the 0° hybrid disc used to determine hardness
experienced a hold time five minutes longer than the 45° hybrid disc’s 15-minute
hold time because nominal density was not reached after 15 min.

Second, subscale room temperature tensile testing was performed to determine
the tensile properties of parent materials and hybrid discs, with results seen in
Table 4. Tensile behaviours of reference samples should first be noted. It was
observed that the sintered CM247LC disc had a significantly higher tensile strength
than the as-received solid commercial plate. However, at room temperature, the
CM247LC disc showed a more brittle failure than the Inconel 718, with signifi-
cantly less necking.

The tensile properties of hybrid discs were then compared to the parent mate-
rials. The hybrid discs with a CM247LC rim and an Inconel 718 core showed a

Fig. 8 Optical micrographs of joined subscale hybrid discs. a Disc with 0° interface, joined at
45 MPa and 1225 °C for 20 min, b disc with 45° interface, joined at 45 MPa and 1225 °C for
15 min

Table 3 Elastic modulus of hybrid discs sintered at 45 MPa and 1225°C

Joining
angle

Sintering time
(min.)

Modulus of CM247LC rim
(GPa)

Modulus of IN718 core
(GPa)

0° 15 204 202

45° 15 226 225
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combination of the parent materials’ tensile properties, with tensile strengths
slightly lower than the as-received Inconel 718 plate and a room temperature
elongation similar to the more brittle CM247LC material. Both hybrid discs showed
similar tensile properties, suggesting that the joining angle of the hybrid discs does
not significantly affect yield strength, ultimate tensile strength, and elongation. The
decrease in the hybrid discs’ tensile strengths compared to the as-received solid
Inconel 718 material likely results from decomposition of the strengthening c″
phase to the stable c phase at temperatures higher than 650 °C [13].

Although the hybrid discs had similar numerical tensile properties to the parent
materials, the location of the fracture was slightly different for the two joining
angles, as seen in Fig. 9. With the 45° joining angle, the fracture occurred mostly in
the Inconel 718 material. In contrast, although necking occurred mostly in the
Inconel 718 material, the 0° hybrid disc broke cleanly at the interface, with the
fracture surface clearly showing the spherical CM247LC grains. However, for both
joining angles, fracture occurred at or near the interface of the two materials;
therefore, interface effects caused tensile failure.

Table 4 Tensile properties of hybrid discs and parent materials

Material Samples YS (MPa) UTS (MPa) Elongation (%)

CM247LC 8 926 ± 5 1347 ± 35 14.8 ± 2.0

IN718 (as-received) 6 467 ± 2 868 ± 4 49.7 ± 1.9

Hybrid Disc (45° join) 5 348 ± 6 615 ± 41 15.7 ± 4.2

Hybrid Disc (0° join) 5 343 ± 6 557 ± 67 13.4 ± 4.8

Fig. 9 Optical micrographs of broken tensile samples cut from hybrid discs. Discs were sintered
at 45 MPa and 1225 °C for 15 min. a 0° joining angle, b 45° joining angle
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Conclusions

This work studied the effect of FAST processing parameters on the Ni-based
superalloy CM247LC, and discs of high relative density were formed. Hybrid discs
with a sintered CM247LC rim and a solid Inconel 718 core were then manufactured
using FAST, and the resulting discs exhibited little porosity between the two
materials. When studying microstructure and mechanical properties of the hybrid
discs and parent materials, it was found that:

• The sintering temperature of the CM247LC discs affected material porosity,
grain size, and hardness. Nominal density was achieved in 80 mm discs via a
two-step heating process: the material was first sintered at 1260 °C and 45 MPa
for 5 min, and further densification and grain growth followed with heating at
1300 °C and 25 MPa for 5 min. An increase in sintering temperature from 1225
to 1300 °C increased grain size as well as hardness, likely because of
microstructural changes. Elastic modulus was not affected by sintering
temperature.

• Hybrid discs of 70 mm diameter were successfully manufactured using FAST.
The interface between the two materials exhibited little porosity, and the
hardness and elastic modulus of the rim and core were comparable to that of the
parent materials.

• Joining angle between the two materials did not affect the hybrid disc tensile
properties, although fracture location differed for the two joining angles.
Fracture with the 0° interface occurred at the material interface while fracture
with the 45° interface occurred near the interface but mostly in the Inconel 718
material.

In conclusion, this work showed that it is possible to use FAST to join dissimilar
superalloys via solid-state joining. No previous method successfully joined dis-
similar superalloys without localized melting and high residual stresses at the
interface. More research is needed to determine the processing parameters of hybrid
discs for optimal bond strength, and high-temperature mechanical properties of
hybrid discs manufactured using FAST need to be understood.
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Sintering Test Research of High
Proportion Limonite

Qiang Zhao and Jilai Xue

Abstract The limonite was from Australia, the Fe grade was 56.09%, the grade
was up to about 61.88% after ignition, the SiO2 content was 5.62%, Al2O3 content
was 3.87%, the gangue content was a little high, the harmful element S,P and alkali
metal was low, the main metallic minerals are haematite and limonite, pyrolusite
and pyrite is little; for gangue minerals, quartz is in majority, followed by kaolinite.
The proportion of limonite was high up to 30% for sintering, through rational
combination with other iron ore and process parameter optimization, the sintering
was qualified for blast furnace.

Keywords Limonite � Sintering � Metallurgical performance

Introduction

The research and development of high proportion limonite was mainly in Australia,
Japan and China. The most prominent was Hide Y [1] from Japan. After Years of
research, the sintering technology about lenticular limonite own densification and
high melting point liquid (SHS) [2] was developed by them. Currently, imported
ore fines were mainly haematite in China, because of years mining, the haematite
reserves decreased year by year [3, 4]. It was predicted that the Chinese haematite
mining area would be closed one after the other, in contrast, the limonite reserves in
Australia was huge. For making rational use of resources and adapting to changes in
the market, increasing the limonite proportion in sintering was imperative. In this
paper, the limonite was from Australia, the different sintering conditions tests were
taken in laboratory to search the appropriate sintering conditions for limonite.
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Raw Material Characteristics

Characteristics of Raw Material

Iron Ore

The main chemical compositions and iron phase analysis of limonite were shown in
Tables 1 and 2. It is shown that limonite fines was characterized by medium iron
grade, assaying 56.09% total iron and upgraded to about 61.88% after ignition,
SiO2 content is 5.62%, Al2O3 content is 3.87%, the contents of detrimental ele-
ments S, P and alkali metals are low. It is known from Table 2 that the major
composition was limonite. The main problem is the high content of aluminium (the
appropriate content is 1.5–2.0%), the increase in aluminium content may prevent
the transformation of calcium orthosilicate crystals, it is propitious to prevent sin-
tering mineralization and increase strength. However, raw material is easy to appear
during sintering and the melting point increases during smelting, which is not
conducive to slag formation (Table 3).

Table 1 Chemistry of limonite/wt%

TFe FeO Fe2O3 SiO2 Al2O3 CaO MgO MnO

56.09 0.35 79.80 5.62 3.87 0.017 0.095 0.11

K2O Na2O P S Cu Pb Zn As LOI

0.023 0.011 0.076 0.026 0.0006 0.0042 0.0082 0.0085 9.35

Table 2 Iron phase of limonite /wt%

Iron
phase

Iron
carbonate

Iron
sulfide

Magnetite Martite Limonite Ferrosilite TFe

Content 0.22 0.02 0.09 2.43 53.02 0.31 56.09

Ratio 0.39 0.04 0.16 4.33 94.53 0.55 100

Table 3 Chemistry of other raw materials/wt%

Element TFe FeO SiO2 Al2O3 CaO MgO P S LOI

Domestic concentrate 54.22 22.80 6.55 1.80 6.05 2.17 0.12 1.42 2.38

Blast furnace returns 51.76 6.50 5.64 2.46 11.55 2.45 0.071 0.078 2.00

Brazil ore 64.06 0.66 2.36 1.01 0.23 0.062 0.023 0.028 2.13

South Africa
concentrate

65.27 27.74 0.95 1.33 1.14 2.66 0.084 0.05 1.32
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Fluxes and Coke

The fluxes are used to adjust basicity in the sintering test. The chemistry of fluxes
(limestone, burntlime and dolomite) is present in Table 4, it is a qualified flux. The
aim of adding flux in sintering material is to obtain a certain basicity sinter, make
the blast furnace smelting with no or less flux, and improve the blast furnace
smelting intensity, reduce coke rate. The coke breeze was supplied by XISC.
Analysis items including industrial analysis and chemical analysis of coke ash are
tabulated are tabulated in Tables 5 and 6, respectively. As shown in Table 5, the
Cad of coke breeze is so high that it is a good fuel for sintering. In the sintering
process, coke has good granulation performance, and coke particles larger than
0.25 mm can be grown as nuclear particle adhesive powder. The mixing grain size
and fixed carbon segregation cannot be synchronized, and the control of most coke
size after granulation to the grain size of 1–2 mm is beneficial to achieve syn-
chronous and reasonable segregation of mixture grain size and fixed carbon. Good
granulation performance of coke will have an important impact on its combustion
behaviour.

Table 4 Chemical
compositions of the
fluxes /wt%

Flux TFe SiO2 Al2O3 CaO MgO

Burntlime 0.059 0.91 0.065 65.86 0.58

Limestone 0.18 6.47 0.070 49.78 0.36

Dolomite – 0.71 0.66 32.64 19.83

Table 5 Industry analysis of
coke breeze /wt%

Reducing agent Cad Mad Aad Vad

Cokebreeze 81.70 3.90 16.02 2.28

Note Cad fixed carbon content on an air-dried basis; Vad volatile
compound content on an air-dried basis; Mad moisture content on
an air-dried basis; Aad ash content on an air-dried basis

Table 6 Chemical analysis
of coke ash /wt%

Items TFe SiO2 Al2O3 CaO MgO

Coke ash 14.27 39.42 23.33 11.36 4.82
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The Process Mineralogy of Limonite

Thermo-Analysis of Limonite (DTA and TGA)

In order to find out the behaviour of limonite in heating process, thermo-analysis
was carried out by thermal analyser. The result is shown in Fig. 1. From it, we can
know that the beginning disintegrating temperature of crystal water is 260.4 °C and
the content of crystal water is about 8.8%.

From reaction formula:

mFe2O3 � nH2O ! mFe2O3 þ nH2Oþ 4932 kJ/kgH2O

The limonite ore, containing high combined water, which require more coke to
supply heat for water removal. The decomposition heat of crystal water is
434,016 kJ/t, so we need 14.83 kg standard coal for it. This is why the solid fuel
consumption of limonite is higher than that of magnetite and haematite.

Mineral Composition Analysis of Limonite

The ore is yellow-brown or red-brown under naked eye.
The results of microscopic analysis, X-ray diffraction and scanning electron

microscopy show that species of mineral in the sample is relatively simple, the main
metallic minerals are haematite and limonite, pyrolusite and pyrite is little; for
gangue minerals, quartz is in majority, followed by kaolinite.

Overall, crystallization degree of essential mineral in the sample is lower,
because the background value of X-ray diffraction analysis is higher and diffraction
peak is very dispersive (Fig. 2). The weight contents of the essential minerals in the
sample are listed in Table 7.

Fig. 1 Thermal analysis of limonite
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Research Method

According to the testing program, the raw material moisture was detected, then they
were weighed on the basis of ingredients structure. Mixing included first mixing
and second mixing. The objective of first mixing was blending and adding moderate
water for wetting. The objective of second mixing was granulating. The diameter of
drum mixer was 0.6 m and its length was 1 m. The granulating parameters of drum
mixer were as follows: rotate speed was 17 r/min, granulating time was 4 min.
Then the mixed sintering blend was put into sinter pot for sintering. Before loading
the sintering mixture, 1 kg grate-layer was loaded in the pot. The main sintering
parameters were as follows: layer height was 700 mm, ignition temperature was
1100 °C, ignition time was 1.5 min, ignition negative pressure was 5000 Pa, sin-
tering negative pressure was 10,000 Pa. The sintering was dropped down three
times from 2 m high first and then screened, screen size was 40, 25, 16, 10, 5 mm
respectively, after screening, the 7.5 kg sintering was taken in proportion for tumble
inspection. Finally, the vertical sintering speed, yield, productivity and tumble were
calculated, respectively.

Fig. 2 X-ray diffraction spectrum of samples

Table 7 Content of essential mineral in sample /wt%

Mineral Haematite Limonite Pyrolusite Pyrite Quartz Kaolinite Others

Content 29.3 63.8 <0.1 Trace 3.7 2.9 0.2
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Test Results and Analysis

Small Pot Sintering Test Results and Analysis

Effect of Moisture on Sintering Performance

Tables 8 and 9 showed the effect of moisture on the sintering. In general, the sinter
yield, unit productivity and tumble index increased with an increase in the moisture
of sinter mixture from 6.4 to 7.2%. However, they began to decline when the
moisture was higher than 7.2%. Therefore, the optimum moisture was recom-
mended at 7.2%.

Effect of Coke Breeze on Sintering Performance

The effect of coke levels on sintering was tabulated in Tables 10 and 11. With an
increase in the coke, the sinter yield and tumble index were improved. The optimum
coke was recommended at 4.5%, on this condition, the sinter yield, unit produc-
tivity and tumble were achieved as follows: 81.06%, 1.661 t/m2 h and 62.5%,
respectively.

Table 8 Effect of moisture on sintering performance

Index no. Moisture/% Permeability index Size distribution of granules/%

Size/mm

−0.5 0.5–1 1–3 3–5 5–8 +8

1 6.4 0.09 14.6 10.4 31.9 19.7 12.3 11.1

2 6.8 0.17 4.0 6.3 35.1 28.5 15.5 10.6

3 7.2 0.15 8.9 6.7 41.7 21.2 12.1 9.5

4 7.6 0.19 4.6 5.5 37.7 28.7 13.5 10.0

Table 9 Effect of moisture on sintering performance

Index no. Flame speed/
mm/min

Yield/% Productivity /t/m2 h Solid fuel/kg/t Tumble/%

1 13.96 81.99 1.119 62.77 62.20

2 20.52 82.70 1.590 64.85 60.73

3 19.51 82.90 1.487 65.27 62.40

4 21.85 81.99 1.751 61.82 61.73
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Large Pot Sintering Test

The parameters of U150 mm sintering test were demonstrated by U250 mm sin-
tering test. The test conditions of large pot were the same as those of small pot test
of 5. The results were shown in Table 12. The results were similar to those of small
pot sintering test.

Chemical and Physical Properties of Sintering

Size Distribution

The size distribution was tabulated in Table 13.

Table 10 Effect of coke breeze on sintering performance

Index no. Moisture /% m Size distribution of granules/%

Size/mm

−0.5 0.5–1 1–3 3–5 5–8 +8

3 7.2 0.15 8.9 6.7 41.7 21.2 12.1 9.5

5 7.2 0.18 4.7 3.0 32.0 30.1 17.8 12.4

6 7.1 0.17 6.6 4.0 41.4 25.7 14.3 8.0

Table 11 Effect of coke breeze on sintering performance

Index no. Flame
speed /mm/min

Yield/% Productivity /t/m2 h Solid fuel/kg/t Tumble /%

3(cokebreeze 5.0%) 19.51 82.90 1.487 65.27 63.1

5(cokebreeze 4.5%) 21.69 81.06 1.661 59.49 62.5

6(cokebreeze 4.0%) 18.89 76.83 1.385 55.60 62.2

Table 12 Results of large pot sintering test

Permeability index Flame
speed /mm/min

Yield/% Productivity /t/m2 h Solid fuel/kg/t Tumble /%

0.15 16.92 82.68 1.433 58.48 62.2

Table 13 Size distribution of
sintering/wt%

Size/mm

>40 40–25 25–16 16–10 10–5 <5

13.09 17.82 19.75 15.87 15.51 17.95
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Chemistry of Sinter

The chemistry of sinter was shown in Table 14. The chemical composition was
wonderful, FeO 7.94%, MgO 2.44% and basicity2.21 were similar to the mill’s
requirements, but Zn was a little higher, in a word, it was a good raw material for
blast furnace.

Mineralogy of Sinter

The mineral compositions of sinter, with and without blending WPF iron ore fines
into sinter mixtures, were determined by using Japanese microscope equipped with
reflection and transmission. All the sinter samples consist of the minerals as fol-
lows: calcium ferrite (CaO � 2Fe2O3, CaO � Fe2O3, 2CaO � Fe2O3), haematite
(Fe2O3), magnetite (Fe3O4), calcium and iron containing fayalite (CaO � FeO �
SiO2, 2FeO � SiO2), calcium silicate (CaO � SiO2), magnesium ferrite (MgO �
Fe2O3), iron pyroxene (2FeO � 2SiO2) and glass phase. Identified under the
microscope, the essential iron minerals of sample were magnetite, haematite and
calcium ferrite, followed by magnesium ferrite. The content of gangue minerals
including vitreous silica, calcium silicate, olivine and quartz was relatively low. The
approximate weight contents of the essential minerals in the sample were listed in
Table 15 (Photos 1 and 2).

Metallurgical Performance

The measured metallurgical performance included reducibility index (RI), low
temperature reduction degradation index (RDI) and softening and melting perfor-
mance, which would be used to predict the behaviours of sinter in blast furnace
(Tables 16 and 17).

Table 14 Chemistry of sinter of sintering/%

TFe FeO SiO2 Al2O3 CaO MgO

55.36 7.94 4.66 2.10 10.30 2.44

K2O Na2O P S Cu Pb Zn As

0.073 0.048 0.055 0.020 0.026 0.043 0.15 0.029

Table 15 Content of essential mineral in sample/wt%

Minerals Magnetite Haematite Calcium
ferrite

Magnesium
Ferrite

Calcium
silicate

Vitreous
silica

Quartz

Content 32 18 43 3 1 2 <1
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Conclusion

(1) The limonite was characterized by medium iron grade, assaying 56.09% total
iron and upgraded to about 61.88% after ignition, in which SiO2 content was
5.62%, Al2O3 content was 3.87%, the contents of detrimental elements S,P and
alkali metals were low. The metallic minerals of WPF mainly were haematite

Photo 1 Superfine granular
and vermiform magnitite
(M) and bladed calcium
ferrite (Mo) mixing and
intergrowing, G–vitreous
silica, Black-pore reflecting
light

Photo 2 Fine acicular bladed
calcium ferrite (Mo)
polymerize into irregular
agglomerate aggregates and
replace with calcium silicate
(La), M–magnetite,
Black-pore reflecting light

Table 16 RDI and RI index/
wt%

RDI RI

RDI+6.3 mm RDI+3.15 mm RDI−0.5 mm

50.60 79.23 6.03 86.01

Table 17 Softening and
melting performance/°C

Softening performance Melting performance

Ta Ts △Tsa Tp Tm △Tmp

1181 1267 86 1319 13,510 191
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and limonite, pyrolusite and pyrite was little; for gangue minerals, quartz is in
majority, followed by kaolinite.

(2) According to the results of sintering tests, limonite had good granulation be-
haviours and sintering performance. Through the optimization of ore propor-
tioning and sintering parameters, the sintering with high tumble index, high
productivity, low solid fuel consumption, good metallurgical behaviours and
good mineralogy was obtained. It is qualified for blast furnace. The sintering
results could be used to guide the best possible use of WPF fines for potential
customers in China.
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A Machine Learning Method for State
Identification of Superheat Degree
with Flame Interference

Shiwei Zhao, Yongfang Xie, Weichao Yue and Xiaofang Chen

Abstract The superheat degree in the process of aluminium electrolysis is an
important indicator for judging the condition of the electrolysis cell. In the actual
production process, the artificial observation of the fire hole is usually used for
judgment and decision of cell condition. However, the decreasing number and
frequent flow of experienced technicians make it difficult to guarantee the accuracy
of this complex work. Although there exist some methods for state identification of
superheat degree, they do not consider flame interference, resulting in decreasing of
accuracy. In view of this fact, a method for state identification of superheat degree
with flame interference is proposed, and the proposed method is compared with the
existing method on 17 aluminium electrolysis cells. The vilification result shows
that the proposed method has a better performance than the existing methods.
Moreover, it reveals that the proposed method is feasible for identification with
flame interference. In addition, it can provide suggestions for the technicians to
judge the state of superheat degree.

Keywords Superheat degree � Electrolysis cell � Fire hole � Flame interference
Features extraction

Introduction

Aluminium reduction process is characteristic with high temperature, corrosion,
variables coupling. Because of complexity of process, it is difficult to get a precise
control decision [1]. Superheat degree (SD), which is comprehensive reflection of
aluminium reduction cell condition, is the difference value between electrolyte
temperature and liquidus temperature, and the state of superheat is divided into
three classes, including high, normal and low. If SD is high, the increasing of
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energy consumption will result in waste of resources. If SD is low, the Al2O3 don’t
have a thoroughly dissolution, and the sediment may be produced on the cathode.
In practice, the SD adjustment is usually used to get a high current efficiency. In
aluminium reduction process, the estimation of SD state always relies on artificial
experience, which has some shortcomings, including: (1) There exists subjectivity
of technicians; (2) It creates a lot of human, material, financial waste; (3) It is
difficult to maintain consistent stability of reduction cell. Consequently, scientific
method is expected to identify the state of SD. According to the definition of SD,
the electrolyte temperature can be detected by infrared thermometer. However, the
different composition of electrolyte, liquidus temperature shows the difference. The
detection of liquidus temperature is a complex work, which is unable to meet the
real-time requirements [2].

The problem has attracted many attention of researchers. Chen Z, Li Y, et al.
proposed an intuitive fuzzy hyper-graph semantic network model to determine the
SD state. However, a large amount of fire hole videos with labels were necessary to
detect the parameters of model. In practice, these videos with labels are difficult to
obtain [2]. Zeng S, et al. proposed the model of evaporation rate of aluminium
fluoride with the parameters temperature and AlF3 feeding amount. Based on the
analysis and computation of electrolyte composition, the soft-measuring model was
proposed. However, because of complicacy of reduction process, this model may
not capture the features of SD calculation [3]. Yang J. et al. also proposed a
soft-measuring model of SD, and a novel attenuation of data weight method and
definition of rule confidence were given. First, the static rules were extracted from
historical data based on map reduce of rough set theory. And then the rule incre-
mental update method is constructed based on the newly defined rule tree.
However, because of the limitation of stochastic disturbance and complexity, the
calculation of SD based on the aforementioned method is easily affected [4].
Random forest method for relative density noise filtering was proposed by Liu Y,
et al. to predict SD, and then to control SD. However, because of sever environ-
ment, the sensors may be affected, resulting in accuracy decreasing of measured
data. Therefore, the trained model based on these historical data may be difficult to
apply in the aluminium reduction process [5].

The experiential technicians are necessary for the artificial judgment of SD state.
However, because of the frequent flow and dwindling in numbers of experiential
technicians, artificial judgment of SD state has been unable to meet the needs of
collectivization of aluminium electrolysis industry and large size of reduction cell.
Therefore, a method that can simulate the artificial judgment is necessary in the
future, resulting in inheriting the experiential knowledge [1]. Chen X, et al. [6] had
proposed the method that computer vision and expert rules were used for the first
time to identify SD state of aluminium reduction cell. The proposed method
combining with artificial experience and fire hole information meets the require-
ments of real-time detection to some extent. However, the high temperature envi-
ronment of aluminium reduction cell results in producing flame in the fire hole, as
shown in Fig. 1. Flame in the hole has a great influence on features extraction, and
it may even cause the wrong features. However, the aforementioned method which
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may have a poor performance on the flame interference does not take into account
the effect of the flame [6]. In view of this fact, a method is proposed to eliminate the
flame interference and to extract features of fire hole, and then these features are
used for the state identification of SD.

The outline of this study is as follows. In Sect. 2, the feature extraction method
for fire hole is proposed, and the features include amplitude and colour of elec-
trolyte. Moreover, the k nearest neighbour algorithm is introduced to classify. In
Sect. 3, the proposed method is verified on the historical data, and the discussion is
performed. In Sect. 4, the conclusion is given.

The Features Extraction Method of Fire Hole with Flame
Interference

SD plays an important role in the aluminium reduction production process [7].
Because of high measurement cost and measured online with difficulty, the online
detection of SD has become a challenge. The major component of electrolyte is
Na2AlF6–Al2O3, and the chemical reaction in the cell is illustrated by Eq. (1) with
no consideration of other side reactions.

2Al2O3 þ 3C ¼ 4Alþ 3CO2 " ð1Þ

Based on analyzing the aluminium reduction mechanism, we can see that
between amplitude and colour changing of electrolyte have the following
relationship. If the state of SD is high, electrolyte viscosity and surface tension
would be small, the production of reaction include CO2 which may result in small
amplitude of electrolyte. In addition, the longer it takes for the electrolyte to go
from red to black. If the state of SD is low, electrolyte viscosity and surface tension
would be large, the production of reaction includes CO2 which may result in large
amplitude of electrolyte. In addition, the shorter it takes for the electrolyte to go from
red to black. Therefore, the amplitude and rate of colour changing can be used to
reflect the state of SD. Based on the above analysis, the amplitude of electrolyte is

Fig. 1 Picture of fire hole in
aluminum electrolysis cell
with flame
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affected by electrolyte surface viscosity, and the flame has little influence on ampli-
tude. Consequently, suppose the fire had no influence on the amplitude in this paper.

The Features Extraction of Amplitude

Because electrolyte movement belongs to fluid movement, the traditional moving
target tracking algorithm, such as inter-frame difference method, may have poor
performance. Corner points are a characteristic point in the neighbourhood having
two principal directions. The region is usually a stable, information-rich region in
the image. In addition, these regions are characteristic with rotation invariance,
scale invariance and affine invariance. Therefore, corner points are widely used for
target tracking, 3D reconstruction and motion estimation. Commonly used angle
detection methods included Harris algorithm [8], Shi-Tomasi algorithm [9] and so
on. Shi-Tomasi algorithm was considered the extended Harris algorithm, and it has
shown a better performance than Harris algorithm in many researches. Accordingly,
Shi-Tomasi algorithm was used to detect the corner points, and also pyramid LK
optical flow method was used to trace the corners to extract the features of
amplitude [9, 10]. Since the amplitude feature extraction is basically free from fire,
the feature extraction method of this part is the same under the interference of fire or
not. Therefore, the method in [6] is introduced to extract amplitude.

Colour Change Rate Feature Extraction with Flame
Interference

Besides the amplitude feature, the colour change feature also has the very important
meaning to the superheat judgment. The details are below. If the state of SD is low,
the Al2O3 concentration is high, resulting in carbon residue precipitates from the
electrolyte, and the colour changes from red to black faster. On the contrary, if the
state of SD is high, and the Al2O3 concentration is low, and the colour changes
from red to black shorter. Therefore, colour change rate can be used to reflect the
state of SD.

Colour is usually described by three independent attributes. These three inde-
pendent variables have comprehensive utilization, which naturally constitutes a
spatial coordinate, namely the colour space. However, the described colour object is
objective. Different colour spaces only measure the same object from different
perspectives. According to the basic mechanism, colour spaces can be divided into
two categories: primary colour space and bright separated colour space. The former
is typically RGB, while the latter includes YUV and HSV. RGB is most important
and most common colour model to process image. RGB is established in the
Cartesian coordinate system, and red, green and blue three are basic colours. A rich
and extensive colour is produced based on the superposition of different degrees.
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HSV is a colour space created by A. R. Smith based on the intuitive nature of
colour, also known as the hexagonal vertebral body model [11]. HSV colour model
refers to a subset of visible light in the three-dimensional colour space of H, S and
V, which contains all colours in a certain colour field. Compared with HSV colour
space, RGB colour space is intuitive and easy to understand. In addition, the three
components of R, G and B are highly correlated, that is, if a certain component of a
colour changes to some extent, then the colour will probably change, which can
well represent the colour change characteristics. Therefore, RGB colour space is
adopted in this paper.

As we all know, the flame don’t always appear in the same position. It often
flutters back and forth in a range. The flame appears in a location in a moment, but
it may disappear in the next moment. Because the computer is to convert video to
continuous processing images, which can show the aforementioned phenomenon
well, as shown in Fig. 2. Because the grey image is vulnerable to external inter-
ference, and also it has a poor performance on expressing the colour change rate. In
this paper, by extracting a maximum of three colour channels for each pixel cor-
responding pixel values. As shown in Fig. 3, there existing flame in the fire hole
bring a lot of interference to colour features extraction, and even lead to the result

Five frames in a row starting in the fifth second

Less FlameMore Flame

Fig. 2 Flame appears randomly in the same position

1st s  5th s   10th s

Fig. 3 Pictures of fire hole in 1st, 5th, 10th second
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error. In view of this fact, a method is proposed based on region partition to
eliminate fire interference in this paper.

Step 1: Start with the first second in video, take five consecutive frames of
images every five seconds and take the first ten seconds to get the picture
set, as shown by Eq. (2)

fINt ðx; yÞ;N ¼ 1; . . .; 5; t ¼ 1; 5; 10g ð2Þ

Where t is the time to start the collection of pictures; N represents the
Nth frame image index after collection from start; I(x, y) represents the
image.

Step 2: The collected images are segmented according to the segmentation
method of the amplitude extraction process. In order to reduce the cal-
culation amount, the area with the centre of fire hole is considered as the
centre of image. The side length is the half of the maximum height of fire
hole, which is considered as the approximation of the fire hole area, and
the image is cropped to obtain the following picture set, as shown by
Eq. (3).

fI 0Nt ðx; yÞ; N ¼ 1; 2; . . .; 5; t ¼ 1; 5; 10g ð3Þ

where I
0N
t ðx; yÞ is the Nth image from tth second.

Step 3: The first frame image starting from 1st, 5th, 10th seconds (as shown in
Fig. 2) is divided into regions for filling. The details are below. Take the
fifth second as an example, each frame image in the set fI 0N5 ðx; yÞ; N ¼
1; 2; . . .; 5g is uniformly divided into 16 rectangular and equal areas. The
average value of the colour channel corresponding to the maximum
value of the corresponding position area is compared. Select the region
corresponding to the image with the smallest average value to fill in the
first frame image, as shown in Fig. 4. We will get the first frame image
of the fifth second after removing the fire interference.

Step 4: The sum of the maximum value of the colour channel corresponding to
each second is obtained, as shown by Eq. (4). Then the difference is
divided by the time interval, namely, the average colour change rate. In
order to reduce the error, the average colour change rate of the first ten
seconds and the average colour change rate of the first five seconds are
summed up in this paper, as shown by Eq. (5). Take the average and get
the average colour change rate.

max channel img ¼
Xn
i¼0

Xm
j¼0

maxðI 01kt k ¼ 0; 1; 2Þ; t ¼ 1; 5; 10

 !
ð4Þ
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ave color change ¼ 1
2
� 1

5
� ðmax channel img10 �max channel img5Þ

�

þ 1
10

ðmax channel img10 �max channel img1Þ
�

ð5Þ

k-Nears Neighbour Algorithm

Because k-Nears Neighbour (kNN) algorithm is easy to understand, no parameter
estimation, and other advantages, it is widely used for multi-classification [12–14].
The details of kNN are below.

Input: Training dataset

T ¼ fðx1; y1Þ; ðx2; y2Þ; . . .; ðxN ; yNÞg ð6Þ

where xi 2 Rn, n is the number of sample features. yi 2 fc1;c2; . . .; cKg, k is the
number of sample categories.

Output: The category y to which the instance x belongs.

(1) Data normalization;
(2) According to the given distance metric, the k nearest neighbour points are

found in the training set. Neighbourhood of x which covers the k points is
recorded as NkðxÞ;

(3) The category y of x is determined by classification decision rules, such as
majority vote, in NkðxÞ, as illustrated by Eq. (7).

y ¼ argmax
cj

X
xi2NkðxÞ

Iðyi ¼ cjÞ; i ¼ 1; 2; . . .;N; j ¼ 1; 2; . . .;K ð7Þ

Fig. 4 Picture of the 5th
second after flame
interference is removed
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Result and Discussion

In order to verify the effectiveness of the proposed method, experiments are per-
formed with 17 groups fire hole video, which are from the same aluminium
reduction workshop, compared with the results of reference [6]. Firstly, the cause of
the change of electrolyte amplitude and colour is analysed, and the result that the
flame affects colour change is obtained. Then according to the random flutter of a
flame, a method based on region partition is proposed to eliminate fire interference.
The features are extracted from these videos, and then these features are used for
identification of SD state based on kNN to void subjectivity of technicians. The
details are as follows. Take one sample in order as the test sample, and others are
considered as the training sample. This process is repeated 17 times, and we will get
the category of each cell. In the kNN algorithm, let k = 4. Experimental results are
gathered in Table 1.

As shown in Table 1, the accuracy of method proposed in [6] is 64.7% with
flame interference. In contrast, the accuracy of method proposed in this paper is
76.47%, which reveals that the proposed method in this paper has a better per-
formance. That is to say, the accuracy of SD classification has been improved to
some extent. At the same time, due to the introducing of kNN, the subjectivity could
be eliminated. In summary, the proposed method in this paper is feasible.

Table 1 Feature extraction and superheat state prediction results of this study and Chen [6]
method

ID Label AveAmp Ave_colour_change
(Chen)

Ave_colour_change
(this study)

Predict
(Chen)

Predict
(this
study)

1 Normal 12.85115 −0.63601 −0.03934 Normal Normal

2 Normal 16.48215 2.120958 0.920962 Cold Normal

3 Normal 8.19725 0.301496 0.463617 Hot Normal

4 Normal 9.340452 0.072359 0.931329 Normal Normal

5 Hot 5.758534 1.020779 1.591017 Cold Cold

6 Cold 5.390055 1.789803 2.865898 Cold Cold

7 Cold 3.538292 4.835451 4.765882 Cold Cold

8 Cold 2.150642 4.995921 3.806577 Cold Cold

9 Normal 36.97835 0.579563 3.096458 Normal Normal

10 Normal 7.046891 2.428155 0.301592 Cold Hot

11 Hot 2.421264 0.043427 0.626652 Cold Cold

12 Hot 2.617564 −1.44359 −1.08244 Hot Hot

13 Cold 3.810315 3.032787 3.661108 Cold Cold

14 Hot 6.595656 0.478175 1.947057 Cold Cold

15 Cold 7.640349 0.979662 1.357588 Cold Cold

16 Cold 3.874096 1.858326 2.957373 Cold Cold

17 Cold 4.87692 1.120229 1.844163 Cold Cold
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Conclusion

Due to difficulty in measurement and the subjectivity for SD state judgment,
machine learning methods had been proposed in existing researches for SD clas-
sification. However, external interference didn’t be considered in these methods. In
view of this fact, a method was proposed in this paper for SD classification with
flame interference. Firstly, the production environment of aluminium electrolysis is
characterized by high temperature, and the combustion conditions will be achieved
in most cases. Therefore, fire always exists in the fire hole, and the causes of
amplitude, colour change and the relationship with superheat are analysed.
Secondly, Shi-tomasi corner point detection algorithm is adopted and pyramid LK
optical flow method is adopted to track the corner point to get the amplitude feature.
For the fire hole image under the flame interference, the regional filling method is
adopted to eliminate the flame interference. Finally, the extracted features are
applied for SD classification based on kNN algorithm. Experimental results show
that the proposed algorithm is effective to classify the SD state.

Acknowledgements Supported by National Natural Science Foundation of China (61773405,
61533020, 61751312, 61725306, 61621062), the teachers-students co-innovation project of
Central South University (502390003).

References

1. Yue W, Chen X, Gui W et al (2017) A knowledge reasoning fuzzy-bayesian network for root
cause analysis of abnormal aluminum electrolysis cell condition. Front Chem Sci Eng 11
(3):414–428

2. Chen Z, Li Y, Chen X et al (2017) Semantic network based on intuitionistic fuzzy directed
hyper-graphs and application to aluminum electrolysis cell condition identification. IEEE
Access 5:20145–20156

3. Shuiping Z, Fuwei C (2010) Dynamic decision model for amount of AlF3 addition in
industrial aluminum electrolysis. In: Proceedings of the 8th world congress on intelligent
control and automation, Jinan, China, 7–9, July, 2010

4. Yang J-S, Yu H, Chen X-F, Zou Z (2017) Soft measuring model of superheat degree in the
aluminum electrolysis production. In: Chinese automation congress (CAC), Jinan, China, 20–
22, Oct 2017

5. Liu Y, Xia S, Yu H, Wang G (2017) Prediction of aluminum electrolysis superheat based on
relative density noise filtering random forest. In: Chinese automation congress (CAC), Jinan,
China, 20–22, Oct 2017

6. Xiaofang C, Xiaowei Y, Keke H (2017) Identification of superheat of aluminum electrolytic
cell based on computer vision and expert rule. In: Chinese automation congress (CAC), Jinan,
China, 20–22, Oct 2017

7. Gui W, Yue W, Chen X et al (2018) Process industry knowledge automation and applications
in aluminum reduction production process. Control Theory Control Appl 35(07):887–899

8. Huang, H, Ma, G, Zhuang Y (2008) Vehicle license plate location based on Harris corner
detection. In: 2008 IEEE international joint conference on neural networks (IEEE world
congress on computational intelligence), Beijing, China, Sept 28–Oct 4, 2008

A Machine Learning Method for State Identification … 207



9. Kenney CS, Zuliani, M, Manjunath BS (2005) An axiomatic approach to corner detection. In:
IEEE computer society conference on computer vision and pattern recognition, San Diego,
California, 20–26, June, 2005

10. Xia T, Jing XS, Zou WJ, SO Automation (2018) A moving object detection method based on
pyramid LK optical flow under dynamic background. Navigation & Control

11. Smith AR (1978) Color Gamut Transform Paris. In: ACM-SIGGAPH’78 conference
proceedings, pp 12–18

12. G Guo, H Wang, D Bell, Y Bi, K Greer.(2003) KNN model-based approach in classification.
Lecture Notes in Computer Science

13. Zhang S, Li X, Zong M et al (2017) Learning k for kNN classification. Acm Trans Intell Syst
Technol 8(3):43

14. Guo H, Li Y, Li Y, et al (2016) BPSO-Adaboost-KNN ensemble learning algorithm for
multi-class imbalanced data classification. Eng Appli Artif Intell 49(C):176–193

208 S. Zhao et al.



Part V
Extraction and Recovery of Metals



Study on Volatizing Tin
from Tin-Bearing Middling
by Carbothermic Reduction
in Rotary Kiln

Jianfa Jing, Yufeng Guo, Feng Chen, Fuqiang Zheng
and Lingzhi Yang

Abstract The tin-bearing middling obtained by flotation in Huanggang, Inner
Mongolia, is with SnO2 content of 3–5 wt%, which was stacked and cannot be
utilized, leading to the tin resource wasting and environmental pollution. In order to
recover this tin resource, the tin volatilization behaviour in the tin-bearing middling
during carbothermic reduction in rotary kiln process was studied in this paper. The
results show that the volatilization rate can reach 87.4% and the SnO2 content in the
residue decreased to 0.57 wt% under the conditions of Kiln tail: Kiln middle: Kiln
head (coal addition ratio) with 1:2:7, the proportion of ball and coal was 20 kg:
20 kg and the pellets size was 5–10 mm at 1000 °C for 2 h. The research could
provide a technical reference for the utilization of the tin-bearing middling.

Keywords Tin-bearing middling � Carbothermic reduction � Volatilization rate

Introduction

Recently, the tin oxides are an important resource which were widely used in many
fields, such as gas sensors, electrode conductors, liquid crystal displays, packaging
containers, electronics industry, transportation, construction and so on [1–3]. The
tin resource was reduced with the rapid development of the tin metallurgy. The
tin-bearing middling obtained by flotation in Huanggang, Inner Mongolia, is with
SnO2 content of 3–5 wt%, which was stacked and cannot be utilized, leading to the
tin resource wasting and environmental pollution. Therefore, the tin-bearing mid-
dling was considered a popular feedstock for the production of tin.
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Many methods were proposed to recovery tin which mainly includes reduction
roasting, sulfuration and chlorination. In the method of chlorination, tin phases are
transformed to chlorides and evaporated making tin removal rate up to 94% [4, 5],
but the shortcoming is the corrosion to the facilities, enhancing the production cost
and polluting the environment. In the process of sulfuration, the tin removal rate can
reach 93% [6, 7], but the added sulphurizing reagent have a severe corrosion for the
equipment and the extra addition have a high economic losses. The reduction
roasting for recovering tin is a simple technological process and has a desirable
result.

During the reduction roasting, the reduction reagent was also the main factor for
tin recovery. Zhang [4, 8], respectively, studied the behaviour of tin volatilization
by carbothermic reduction roasting which considered the graphite, coke, petroleum
coke, semi-coke, anthracite, charcoal, lignite etc. as the reduction reagent. The
result showed that the tin removal rate can reach 80%. Su [9–11] proposed reducing
SnO2 by a gas agent (H2,CO–CO2) and the results indicated that the volatilization
rate reached 91% at the strict reduction atmosphere. However, the reduction
atmosphere is difficult to control which lead to these methods not industrialize.

In this study, the coke powder as the reduction reagent for reducing the tin in
kiln process. The roasting time, temperature, coal addition rates, and the size of
pellets were system studied. These results provided a technology reference for tin
recovery in industrially.

Experimental

Raw Material

The tin-bearing middling used in this study was collected from Inner Mongolia, in
Huanggang. Chemical composition (wt%) of it is depicted in Table 1. From
Table 1, we can see that the tin-bearing middling contains only 3.73% Sn and the
main oxides are CaO and SiO2. The XRD (XRD, D/max 2550PC, Japan Rigaku
Co., Ltd.) patterns of the raw ore and iron concentrate are presented in Fig. 1.
Figure 1 shows that the major mineral phases in the tin-bearing middling are
fluorite, cassiterite, and magnesium aluminosilicate, while the main mineral phases
in the concentrates are fluorite and a small amount of cassiterite. Figure 2 is the
EDS analysis of tin-bearing middling, it can be seen that the main phases were
fluorite and silicate which was corresponded with the XRD phase.

Table 1 Chemical composition of the tin middling (wt%)

Sn TFe Ca SiO2 MgO Al2O3 S F P Zn As Burning
loss

3.73 15.32 25.54 20.60 1.54 3.94 1.84 4.89 0.18 1.33 2.26 7.28
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Methods

Figure 3 shows the flow sheet of a typical tin extractive metallurgy in kiln process
from tin-bearing middling. Firstly, the samples of tin-bearing middling were dried
in an oven at 120 °C for 4 h; the dried samples were crushed to less than 1 mm.
Secondly, weight the crushed samples mixed with 8% water and agglomerate into
pellets. Thirdly, 20 kg of pellets (5–10 mm) were mixed with 8 kg coal which was
crushed to 25 mm and blew to the reduction roasting kiln when the temperature
reached the designed temperature. During the roasting process, the coal was added
into kiln from the door of coal addition with 2 kg/5 min in 30 min; keep the aim
temperature for an hour and a half. Finally, the roasted pellets were weighed and the
residual tin content was analyzed by chemical titration when the temperature
reached room temperature.

Characterization

The content of tin in the residue was analyzed by chemical titration (GB/
T212-2008). The mineral constituents of the roasted samples were identified by
X-ray diffraction (XRD, D/max 2550PC, Japan Rigaku Co., Ltd.) with the step of
0.005° at 10° min−1 in ranging from 10° to 80°. The microstructure and elemental
composition of the reduced pellet were analyzed by using environmental scanning
electron microscopy (ESEM; FEI QUANTA 200; FEI, Eindhoven, The
Netherlands) equipped with an EDAX energy dispersive X-ray spectroscopy
(EDS) detector (EDAX Inc., Mahwah, NJ). ESEM images were recorded by
backscattering in the low-pressure environment (0.5 Torr and 20 keV).

The tin-bearing middling

Damp mill

Pelletizer

Conveyor

Water tank

Tugboat

Gear

The system of kiln

Charge door

Coal

Crusher

Screening

Fig. 3 The flow sheet of a typical tin extractive metallurgy in kiln process
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Calculation

The volatilization ratio of Sn was calculated according to the following equation:

X ¼ ðb1m1 � b2m2Þ=b1m1 � 100 ð1Þ

where X is the volatilization ratio of Sn, %; m1 is the mass of the sample before
reduction roasting, g; m2 is the mass of the sample after reduction roasting, g; b1 is
the content of tin in the raw material, (by GB/T15924-2010) wt%; b2 is the content
of the mineral after reduction roasting, (by GB/T15924-2010) wt%.

Discussion and Results

Effect of Roasting Temperature

Figure 4 shows that the heating system in kiln process. It can be seen that the
heating system can reach the aim temperature in 1 h when the pellets was added,
and then the heating system was homoeothermic. Due to the slow reaction rate
between the pellets and coals, the reduction of SnO2 is the reaction between SnO2

and CO produced by the Boudouard reaction of carbon instead of coal. The tin was
volatilized as SnO according to the reaction when CO % (provided by the coke
powder burning) is in the range of 9–15% [4]. Figure 5 presents the effect of
roasting temperature on the volatilization ratio of tin from tin-bearing middling. The
results indicated that the roasting temperature has an obvious effect on the tin

Fig. 4 The heating system of kiln
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volatilization. The Sn volatilization ratio firstly increased and then decreased
slightly with the temperature increased from 950 to 1050 °C. The maximum Sn
volatilization ratio of 87.4% is obtained at 1000 °C. The reason for why the Sn
volatilization ratio decrease is that the SnO2 was reduced to Sn according to the
reaction (3). To decrease the process energy consumption and improve tin removal
rate, residence temperature is fixed at 1000 °C.

SnO2 þCO ¼ SnOþCO2 ð2Þ

SnOþCO ¼ SnþCO2 ð3Þ

Effect of the Size of Pellets and the Roasting Time

SnO2 was first reduced to SnO and then to metallic Sn with a low concentration of
CO in the gaseous phase; the transition to metallic Sn is facilitated by an elevated
CO partial pressure. The CO was produced by carbon (Boudouard reaction). The
mixing uniformity of coal and the pellets is the main factor for providing suitable
reduction conditions. Therefore, it is necessary for studying the effect of the size of
the pellets on Sn volatilization ratio. Table 2 shows that the effect of the size of
pellets on Sn volatilization. It can be seen that there is a desirable volatilization
when the size of pellets is between 5 and 10 mm. The reason for why the size of
pellets effecting tin volatilization is that the pellets are easy to segregate with coal.
The model of the segregation between coal and pellets is shown in Fig. 6. From the
Figure (a), we can see that the coal was segregated in sides and the pellets in centre;

Fig. 5 The effect of roasting
temperature on the
volatilization of tin

Table 2 The effect of the size of pellets on volatilization

Size of pellets (mm) The contents of tin in residue (%) The recovery rate of tin (%)

−5 1.24 77.2

+10 3.59 49.1

5–10 0.88 87.4
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the Figure (b) shows that the coal was segregated on the surface and the pellets in
substrate; the Figure (c) shows that the coal and the pellets have been fully mixed.
The Sn volatilization ratio can reach 87.4% when chosen the pellets whose sizes
were 5–10 mm.

The effect of reduction time on the Sn volatilization ratio is shown in Fig. 7. The
results indicate that the Sn volatilization ratio increases sharply with the time
increasing. The tin volatilization ratio can reach 87.4% and the tin contents of
residue are 0.88% when the roasting time was 2 h.

Effect of the Ratio of Coal Addition

In the roasting process, the coke powder was selected to reduce the SnO2 from
tin-bearing middling. The ratio of coal addition determines the strength of the
reducing atmosphere in the rotary kiln, and the strength of the reducing atmosphere
affects the volatilization effect of tin. Table 3 shows the effect of coal addition on tin
volatilization. The recovery rate of tin can reach 87.4% when the Kiln tail: Kiln
middle: Kiln head (coal addition ratio) was 1:2:7. At the beginning, the reaction was
very severe which indicated that the little coke powder was enough to provide a

-5mm +10mm 5-10mm(a) (a)(b) (c)

Fig. 6 The model of the segregation between coal and pellets
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weak reduction atmosphere. The reaction tends to slow down with the reaction
going on and it needs much more coke powder to bring the reduction atmosphere.
Therefore, study the coal addition can ensure the reducing atmosphere of the layer
in the constant temperature reduction stage. The result could provide a technical
reference for the industrial utilization of the tin-bearing middling. Figure 8 was the
phase after reduction roasting in kiln. Compared with the raw material, the tin phase
after reduction roasting in kiln was vanished, and the CaF2 still was the main phase.
The tin is effectively recovery during reduction roasting in kiln which provided a
reference for industrial.

Conclusion

In the reduction process, the coke powder as reductants which ensure the CO% at a
lower level due to its weak reactivity with CO2. The result was showed that the
volatilization rate can reach 87.4% and the SnO2 content in the residue decreased to
0.57 wt%. The desirable conditions, respectively, were coal addition ratio in Kiln

Table 3 The effect of coal addition on volatilization

Kiln tail: kiln middle: kiln head
(coal addition ratio)

The contents of tin in
residue (%)

The recovery rate of
tin (%)

2:3:5 0.784 80.6

1:2:7 0.628 87.4
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tail: Kiln middle: Kiln head with 1:2:7, the proportion of ball and coal was 20 kg:
20 kg and the pellets size was 5–10 mm at 1000 °C for 2 h. These finding provided
a technology reference for recovery tin in industrial utilize.
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Isothermal Sulphation Roasting
of Nickel Sulphide Minerals in a Static
Air Atmosphere

Lizhen Wei, Caixiang Yu, Guangshi Li, Xiaolu Xiong,
Hongwei Cheng, Qian Xu and Xionggang Lu

Abstract Sulphation roasting offers the potential to simultaneously extract valuable
metals from multi-metal sulphide minerals. In this study, the influences of roasting
temperature and sodium sulphate addition on the sulphation of valuable metals were
investigated under isothermal condition in a static air atmosphere. Additionally, the
reaction mechanism during sulphation roasting process was characterized by ther-
mogravimetry and differential scanning calorimetry (TG-DSC), X-ray diffraction
(XRD) and scanning electronic microscopy (SEM). The results show that the
optimum sulphation roasting temperature range is 600–700 °C. The leach extraction
efficiencies of Ni, Co and Cu exceeded 60% when about 10 wt% sodium sulphate
was added during roasting. The role of sodium sulphate as a sulphation promoter is
attributed to an intermediate phase that acts as a reservoir of SO2.

Keywords Nickel � Sulphide minerals � Sulphation roasting � Sodium sulphate �
Leaching

Introduction

Nickel, copper and cobalt are regarded as important metal materials in modern
industry and widely used in electrical engineering, mechanical manufacturing,
construction, transportation and other fields. Currently, most of these non-ferrous
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metals are pyrometallurgically produced by smelting sulphide minerals [1–4]. With
the depletion of high-grade sulphide resources, low-grade polymetallic mineral
resources are being developed, and the traditional pyrometallurgical process is not
suited for the treatment of these complex materials. Previous researchers have
described various combinations of roasting and leaching processes [5–10]. Roasting
mainly includes oxidation roasting, sulphation roasting and chlorination roasting.
Sulphation roasting makes use of the contained sulphur to convert valuable
non-ferrous metals into water-soluble sulphates [11]. Sodium sulphate has been
used to enhance the sulphation of non-ferrous metals during the roasting process
[12]. In this study, nickel concentrate was roasted with the addition of sodium
sulphate under isothermal condition in a static air atmosphere.

Experimental Methods

Raw Materials

The raw material used in this study was nickel sulphide flotation concentrate from
Jinchuan Group Ltd. (Gansu, China). The main chemical components of the sample
are shown in Table 1. Figure 1 is the X-Ray diffraction (XRD) pattern of the nickel
concentrate sample. Phase identification analysis shows that the main valuable
metal phases of the concentrate sample are pentlandite ((Ni,Fe)9S8), chalcopyrite
(CuFeS2), pyrrhotite (Fe7S8), pyrite (FeS2) and small amount of cubanite
(CuFe2S3). The gangue minerals mainly include serpentine (Mg3Si2O5(OH)4),
ferromagnesite (MgxFe3−xO4), quartz (SiO2) and talc (Mg3(OH)2Si4O10). The
chemical reagent used in the test was commercially pure sodium sulphate.

Characterization Methods

The composition of the sulphide concentrate sample was determined by XRF
(XRF-1800, SHIMADZU LIMITED) with full spectrum scanning at 8°/min. The
crystal phase composition of the raw materials and leaching residue was charac-
terized by XRD (D8 ADVANCE, Bruker). The XRD data were collected at
50 kV/50 mA and with a 2-theta range from 10 to 90° (0.02°/step, 0.3 s/step).
Thermoanalysis of roasting process was performed using thermogravimetric and

Table 1 Chemical composition of the nickel sulphide flotation concentrate sample (mass
fraction, %)

Fe O S Ni Mg Cu Si Al Co K

28.25 22.43 19.61 8.73 7.25 6.51 6.46 0.38 0.24 0.12
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differential scanning calorimetry (TG-DSC, STA 449 F3, NETZSCH). The ther-
moanalysis was conducted under air atmosphere with a flow rate of 40 mL/min and
heated to 1000 °C with a heating rate of 10 °C/min. The concentration of metal
ions in the leachate was analysed by using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Optima 7300DV, PerkinElmer). The mi-
crostructure of the calcine samples was characterized by a tungsten filament
scanning electron microscope (SEM, SU-1500, HITACHI).

Experiment Procedure

In preparation for the roasting experiments, the nickel sulphide concentrate sample
was dried at 90 °C for 24 h. Dried material that passed through a 200-mesh sieve
was designated as A#. A fraction of A# was separated for XRF and XRD tests. One
hundred (100) g of A# and 10 g of sodium sulphate was ground and mixed to
uniformity with an agate mortar; the resulting mixture was designated as B#.
Twenty (20) mg of B# was separated for TG-DSC analysis.

Table 2 presents the experimental scheme of roasting and leaching. In each
experiment, a 5-g sample (A# for I, II, III and IV tests; B# for VI test) was poured
into corundum crucible and placed in a muffle furnace. The calcined product was
placed in a 500 mL Erlenmeyer flask and immersed in a solution of 10:1 in a
liquid–solid ratio. The leach extraction efficiencies were calculated on the basis of
the Fe, Co, Ni, Cu and Mg concentrations in the leachate

Fig. 1 XRD pattern of the flotation nickel sulphide concentrate sample
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Results and Discussion

TG-DSC Analysis

In order to investigate the reaction mechanism of roasting process, the TG-DSC
analyses were carried out on the A# and B# materials. The TG-DSC curves are
presented in Fig. 2. The exotherm peaks of A# at 420 and 490 °C correspond to the
oxidation reactions of sulphides. The TG curve of A# indicates weight gain after
420 °C, followed by rapid weight loss above 570 °C. This outcome indicates that the
initial stage of oxidation is a weight-increasing reaction for the formation of sulphates
[13, 14]. However, only one oxidation exothermal peak is evident with B#, which is
obviously shifted to high temperature at about 455 °C. Moreover, the temperature
range of weight gain reactions of B# is significantly wider than that of A#, especially
in the temperature range from 570 to 700 °C (the shaded area in Fig. 2); the weight

Table 2 Roasting/L leach experiment parameters

Oxidation roasting Sulphation roasting Water leaching

Category Temper-
ature
(°C)

Time
(h)

Dosage of
Na2SO4

(%)

Temper-
ature
(°C)

Time
(h)

Dosage of
Na2SO4

(%)

Temper-
ature
(°C)

Time
(h)

I 600 2 – – – 10 60 2

II 600 2 – – – – 60 2

III 700 2 – – – 10 60 2

IV 700 2 – – – – 60 2

V 600 2 10 700 2 – 60 2

VI – – 10 700 2 – 60 2

Fig. 2 TG–DSC curves of A# and B# under 40 mL/min of air and a 10 °C/min heating rate
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gain of the TG curve of B# remains basically unchanged, and the weight loss of the A
sample begins. The data show that sodium sulphate promotes non-ferrous metal
sulphation by broadening the reaction temperature range.

Sulphation Roast-Water Leach Process

According to the experiment scheme defined in Table 2, the leach extraction effi-
ciencies for the metals of interest are summarized in Fig. 3. Comparison of tests I
and II, or tests III and IV, revealed that sodium sulphate addition during roasting
had no effect on the water leach extraction efficiencies. The Ni and Mg extractions
in test II were significantly lower than that in test IV, and the leaching yields of Fe,
Co and Cu in test II were slightly higher than that in test IV. These findings indicate
that the sulphating reaction temperatures of Ni and Mg were higher than that of Fe,
Co and Cu [12]. The leaching rates of Ni and Mg in test VI were notably higher
than seen in test IV, suggesting that sodium sulphate plays a greater role in pro-
moting Ni and Mg sulphation. In particular, the highest leaching yields were
realized in test V. Oxidation–sulphation two-stage roasting process can greatly
promote the sulphating reactions of non-ferrous metals [15].

The Characterization of Calcine and Leaching Residue

The SEM topographies of the calcined product of tests I, III, V and VI are shown in
Fig. 4.a, b, c and d, respectively. Figures 4a and b reveal a typical loose porous
morphology that may attributed to the outward escape of SO2 gas from inner

Fig. 3 Comparison of the
leach extraction efficiencies
for the tests outlined in
Table 2
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reaction interface during the oxidation of sulphides. However, Figs. 4c and d show
significant liquid phase sintering morphology. This morphology may be due to the
fact that after the addition of sodium sulphate, an intermediate liquid phase was
formed during the roasting process. The composite mineral’s sulphate liquid phase
can be used as a buffer for SO2 to stabilize the partial pressure of SO2 and then to
achieve high-efficiency sulphation of valuable metals [6, 12, 16].

As shown in Fig. 5, the leaching residues are mainly composed of Fe2O3 and
(Ni, Cu, Fe)xFe3−xO4. Since the roasting temperature of test I was lower than test
III, unoxidized NiS phase was also detected in the leaching residue of test I.
Comparing the XRD patterns of the leach residue samples from tests V and VI, it
can be seen that the two-stage roasting with adding sodium sulphate can greatly
inhibit the formation of (Ni, Cu, Fe)xFe3−xO4, which is consistent with the higher
leaching rate of the valuable metals in test V (Fig. 3).

Fig. 4 SEM images of calcine samples produced under different roasting conditions: figures a, b,
c and d show the products of test I, III, V and VI, respectively
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The Effect of Addition of Sodium Sulphate on the Sulphation
of Metals

Roasting-water leaching experiments were carried out to investigate the influence of
the dosage of sodium sulphate on the sulphation roasting of nickel sulphide con-
centrates. Twenty-five (25) g of sample A# was divided into five equal portions and
oxidized at 600 °C for 2 h in air. The five calcine samples were mixed to uniformity
with different dosages of sodium sulphate. The mixtures were roasted at 700 °C for
2 h in air; finally, the calcine samples were leached with a water–solid ratio of 10:1
at 60 °C for 2 h; the metal ion concentration of the leachate was analysed to
calculate the leach extraction efficiencies reported in and the leaching rate of metals
were calculated as shown in Fig. 6. It is obvious that the leaching rate of Ni, Co and
Cu gradually increases with the increasing of sodium sulphate addition and remains
unchanged after the dosage exceeds 10 wt%. The results show that the addition of
appropriate amount of sodium sulphate into the pre-oxidized sulphide nickel con-
centrate can significantly increase the formation of water-soluble phases of
non-ferrous metals (Ni, Co and Cu), and the optimum dosage in this work is about
10 wt% [16].

Fig. 5 XRD pattern of the calcine samples produced under different roasting conditions
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Conclusions

The process of sulphation roasting-water leaching of nickel sulphide concentrate
under air atmosphere was investigated. The nickel sulphide concentrate was oxi-
dized and sulphated in two stages, and about 10 wt% sodium sulphate was added
during the sulphation roasting process. After leaching, the leaching rates of Ni, Co
and Cu could reach 60%, and the leaching rate of Fe was controlled below 1%. This
process combines the advantages of pyrometallurgy and hydrometallurgy to
achieve green, efficient and simultaneous extraction of non-ferrous metals.
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Thermal Transformations of Main
Components in Molybdenite
Concentrates Under SO2-Containing
Atmosphere

Hu Sun, Guanghui Li, Junjie Yu, Jun Luo, Mingjun Rao
and Tao Jiang

Abstract Oxidative roasting-ammonia leaching is the most popular method to
extract Mo from molybdenite concentrates. However, the pyrometallurgical process
has long suffered from the exhaust gas treatment for acid-making using
low-concentration SO2. Technically, gas circulation can work as an effective means
to enrich SO2 in exhaust gas and meantime to reduce overall emissions. However,
with SO2-enriched atmosphere, roasting behaviours of the components in concen-
trates would be changed, thereby influencing the recovery of Mo. In this study, both
thermodynamic and experimental studies were carried out to explore the thermal
transformations of main components in molybdenite concentrates under SO2-con-
taining atmosphere. Thermal behaviours including oxidation of sulphides and
formation of molybdates and sulphates were discussed. It was found that SO2 has a
minor effect on sulphides oxidation, and raising the temperature and proportion of
SO2 and O2 are effective means to extract the associated Mo from molybdates,
which demonstrate the potential of applying exhaust gas circulation
(EGC) technology in oxidative roasting of molybdenite concentrates.

Keywords Molybdenite concentrate � Oxidative roasting � Exhaust gas circulation
SO2 treatment

Introduction

In global molybdenum market, China has long been the leading producer to supply
molybdenum raw materials for making ferromolybdenum, Mo metal powder, and
various chemical products such as pure MoO3 and molybdates of ammonia and
sodium. [1] The Mo content in molybdenite concentrates varies from below 30% to
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over 57%, and common impurities include silicon, calcium, iron, lead and copper.
As of now, most of molybdenite concentrates are initially processed into
technical-grade MoO3 through oxidative roasting [2], which has advantages of
simple technology and equipment, high oxidation efficiency and production
capacity. However, the pyrometallurgical process for oxidizing MoS2 into MoO3 at
500–700 °C inevitably produces large amounts of SO2-containing gas. To avoid
air pollution, emissions are usually be made into sulphuric acid, but
low-concentration SO2 exhaust generally produced at mid-late stage of oxidative
roasting brings tough problems to both technics and costs of acid-making [2, 3].

In steel-making industry, EGC technology has been intensively explored to
reduce environmental costs and meantime to promote the heat utilization efficiency
[4]. Referring to this, we think it is also feasible to recycle the exhausts generated
from oxidative roasting of molybdenite concentrates. From perspectives of envi-
ronmental protection and energy saving, low-concentration SO2 exhaust could be
easily enriched during circular use and turns out to be ideal supply for making
sulphuric acid. The pollution source of SO2-containing gas could be converted to
value-added product, and the heat that ought to be taken away by hot current is also
largely saved due to the decrease of total emissions. However, SO2 enrichment
must come with oxygen consumption, so gas compositions would be changed,
which might exert significant influence on thermal behaviours of molybdenite
concentrates.

Transformations of molybdenite concentrates during oxidative roasting have
been extensively reported. During thermal treatment, MoS2 is oxidized into
ammonia-soluble MoO3, and impurities such as Ca, Fe, Cu and Pb are turned into
corresponding molybdates [5, 6]. However, most laboratory experiments in terms of
oxidative roasting are performed under air atmosphere and the generated SO2 could
not stay among the concentrates but be immediately swept out by air flow. Actually,
the practical gas phase during oxidative roasting in multi-hearth furnace, rotary kiln
or fluidized bed comprises SO2 with concentration varying from below 0.5–5%,
which is distinguished from the gas compositions in existing work. When EGC
technology is adopted, SO2 in exhaust would be further concentrated, so key issues
in terms of SO2 influence on transformation behaviours of components in raw ore
are urgently to be figured out.

Herein, both thermodynamic and experimental studies were carried out to
explore the thermal transformations of main components in molybdenite concen-
trates under SO2-containing atmosphere. Roasting behaviours including the oxi-
dation of Mo, Fe, Pb, Cu sulphides and the formation of Ca, Fe, Pb, Cu molybdates,
sulphates were exhaustively discussed. The total work shows encouraging results to
support the application of EGC technology in oxidative roasting of molybdenite
concentrates and also provide new insights for optimizing the existing Mo
extraction process.
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Materials and Methods

Thermodynamic studies were performed with software of HSC 6.0 using “Reaction
Equations” and “TPP-Diagrams” modules. Gibbs free energy changes varying with
temperatures in standard state and predominance diagrams were calculated to
evaluate the occurrence tendency of reactions.

Pure reagents including MoO3, CaCO3, Fe2O3, PbO, CuO (Aladdin, 99.5%) and
gases including N2, O2, SO2 with purity over 99.99% were used for experimental
work. Given that MoO3 is volatile during roasting, each time, MoO3 with 10 mol%
excess (referring to the normal molybdate) was mixed with another metal oxide or
carbonate, and ground in an agate mortar for 10 min. The dispersed mixtures were
moistened with 3.0 wt% ethanol, pressed into cylindrical pellets with diameter
6 mm and height 10 mm, and dried for roasting experiments.

Pellet roasting tests were performed in a shaft furnace assembled with gas supply
system, as seen in Fig. 1. During each test, a quartz crucible with perforated bottom
lining loading the pellets was charged into a quartz tube and then directly put into
the high-temperature furnace under the protection of N2. When the temperature
stabilized, gas flows consisting of different proportions of N2–O2–SO2 with total
flux 4000 sccm were inducted in. After roasting for 90 min, nitrogen was resup-
plied and immediately the quartz tube was pulled out along with the roasted pellets.
To ascertain the phase compositions of products, the roasted pellets were cooled
and grinded into powdery samples.

The roasted samples were identified by X-Ray Powder Diffraction
(XRD, BRUKER, Advance D8) with Cu–Ka radiation (k = 1.54 Å) performed at a
scanning rate of 8° 2h min−1. Sulphur contents of samples were
measured using Infrared Carbon-sulfur Analyzer (Leco Corporation, CS844).

Fig. 1 Set-up for pellet
roasting
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Results and Discussion

Oxidation of Sulphides

In molybdenite concentrates, molybdenum and other impurity elements usually
exist in form of sulphide minerals including molybdenite, galena, pyrite, chal-
copyrite and chalcocite. During roasting at high temperatures with air supply, metal
sulphides are oxidized as oxides with SO2 being released. Standard Gibbs free
energy changes of sulphides oxidation as function of temperature are shown in
Fig. 2. It is seen that oxidation reactions of PbS and Cu2S (reactions 1 and 2) have
the lowest occurring tendency, but still the corresponding standard Gibbs free
energy changes reach below −300 kJ mol−1. Standard Gibbs free energy changes
of molybdenite oxidation (reaction 3) at 500–700 °C also reach below
−800 kJ mol−1, indicating that the reaction is easy to happen. Generally, oxidation
of sulphides varies in small range of reacting tendency with temperature change and
exhibits absolute feasibility in thermodynamics.

Predominance diagram of Mo-O-S system determined by partial pressures of
SO2 and O2 at 600 °C is depicted in Fig. 3a. It is seen that the oxidation of MoS2
into MoO3 seems to be accompanied by molybdenum oxides with intermedi-
ate valence including MoO2, Mo4O11, Mo8O23 and Mo9O26. Existing work
reported that Mo4O11, Mo8O23, Mo9O26 can only be formed from MoO3 reduction
with H2 [7], but MoO2 could be produced from oxidation of MoS2 or combination
between MoS2 and MoO3 during oxidative roasting [8]. According to the pre-
dominance diagram, transformations of MoS2 into MoO2 and Mo9O26 into MoO3

only require very low oxygen proportion over 10−15 and 10−9, respectively, while
SO2 proportion has no effect on oxidation products when oxygen proportion reach
over 10−15, which means the oxidation of molybdenite under high-concentration
SO2 atmosphere is entirely feasible.

Fig. 2 Standard Gibbs free
energy changes of sulphides
oxidation as function of
temperature
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Predominance diagrams of Fe–O–S system, Pb–O–S system and Cu–O–S sys-
tem at 600 °C are also displayed in Fig. 3b, c, d. Similarly, the transformations of
FeS2, PbS, Cu2S into Fe2O3, PbO, CuO only call for oxygen proportion over 10−14,
10−15, 10−6, respectively, and partial pressure of SO2 also exerts less influence on
the oxidation of FeS2, PbS, Cu2S. However, unlike the Mo-S-O system, there exists
possibility that SO2 might combine with high valence state oxides of Fe, Pb, Cu to
form corresponding sulphates under high partial pressure of SO2 and O2. According
to the predominance area of each sulphate, it could be confirmed that PbSO4 is
more stable than FeSO4 and CuSO4 at 600 °C and may be formed during roasting
under high-concentration SO2 atmosphere.

Based on above thermodynamic analysis, it can be concluded that sulphides of
Mo, Fe, Pb, Cu are easy to be oxidized even under high-concentration SO2

atmosphere, which provides a theoretical support for the application of EGC
technology in oxidative roasting of molybdenite concentrates. The original exhaust
gas with SO2 content below 5% could be reused for several times since oxygen
proportion is high enough for sulphides oxidation.

Fig. 3 Predominance diagrams of a Mo-O-S system, b Fe–O–S system, c Pb–O–S system,
d Cu–O–S system at 600 °C
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Formation of Molybdates

After being oxidized, sulphides of Mo, Fe, Pb, Cu are transformed into corre-
sponding oxides first, and then combination reactions between MoO3 and other
metal oxides may happen. In addition to Fe, Pb and Cu, Ca existing in form of
calcite is also a major impurity in all types of molybdenite concentrates. During
roasting, CaCO3 may decompose into CaO first or stay in original form. Thus,
either CaCO3 or CaO may combine with MoO3 to produce CaMoO4. Standard
Gibbs free energy changes of CaCO3 decomposition and molybdates formation as
function of temperature are shown in Fig. 4. The formation of iron molybdate is not
included for the vacancy of relevant thermodynamic data. It is seen that standard
Gibbs free energy changes of CaCO3 decomposition (reaction 6) at 300–800 °C
appear as total positive numbers, which means calcite could not decompose into
CaO and CO2 during oxidative roasting. However, in the presence of MoO3,
CaCO3 could be directly transformed into CaMoO4 (reaction 8) and meantime
release CO2. Similarly, PbO and CuO are also able to combine with MoO3 to form
CuMoO4 and PbMoO4 (reactions 7 and 9).

Formations of molybdates from solid–solid reactions between MoO3 and
CaCO3, Fe2O3, PbO, CuO were also investigated using pure reagents. XRD pat-
terns of the roasted mixtures under conditions of 600 °C, 80% N2-20% O2 atmo-
sphere are shown in Fig. 5 along with the standard PDF cards of CaMoO4,
Fe2Mo3O12, PbMoO4, CuMoO4. As expected, XRD peaks of the four products
match well with standard cards of corresponding molybdates and no peaks relating
to CaCO3, Fe2O3, PbO, CuO are found, indicating that they have been totally
transformed into molybdates within 90 min. In practical system, the formation of
lead and copper molybdates would lower the melting point of local positions where
the impurities are occasionally concentrated, and produce compact sinters [5],
which is adverse to the inner diffusion of oxygen. Not only that, the associated
molybdenum in molybdates of calcium, lead, iron is hard to be leached out by

Fig. 4 Standard Gibbs free
energy changes of CaCO3

decomposition and
molybdates formation as
function of temperature

236 H. Sun et al.



ammonia water, and thus requires extra acid pickling process to transform it into
molybdic acid, which is also a corrosive process for reactors due to use of strong
acids such as HCl or HNO3 [3].

Formation of Sulphates

Above research has proven that molybdates of CaMoO4, Fe2Mo3O12, PbMoO4,
CuMoO4 are easy to be formed from solid–solid reactions, but sulphates may also
be produced since the gas phase comprises both SO2 and O2. Herein, standard
Gibbs free energy changes of sulphates formation from molybdates as function of
temperature are shown in Fig. 6. Relevant reactions are listed as below:

2CaMoO4 + 2SO2 gð Þ + O2 gð Þ = 2CaSO4 + 2MoO3 ð10Þ

2PbMoO4 + 2SO2 gð Þ + O2 gð Þ = 2PbSO4 + 2MoO3 ð11Þ

2CuMoO4 + 2SO2 gð Þ + O2 gð Þ = 2CuSO4 + 2MoO3 ð12Þ

The reaction involving iron molybdate and sulphate is still excluded for the lack
of data. It is seen that standard Gibbs free energy changes of transformations of Ca,
Pb, Cu molybdates into corresponding sulphates (reactions 10, 11 and 12) appear as

Fig. 5 XRD patterns of
roasted mixtures of MoO3

with CaCO3 (1#), Fe2O3 (2#),
PbO (3#) and CuO (4#) under
conditions of 600 °C, 80%
N2-20% O2 atmosphere, and
standard PDF cards of
CaMoO4, Fe2Mo3O12,
PbMoO4, CuMoO4
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total negative numbers at 500–700 °C, suggesting that all the reactions are able to
happen in theory. Comparatively, calcium and lead sulphates are easier to be
produced than copper molybdate, which is consistent with the results in Fig. 3c, d.
With temperature rising, standard Gibbs free energy changes also increase, indi-
cating a drop of reaction tendency. Nevertheless, from kinetics’ perspective, the
thermal motion of microscopic particles is also activated, which contributes to
faster reaction rate.

Experiments in terms of effects of temperature and gas proportion on sulphates
formation were conducted. XRD patterns of roasted mixtures of MoO3-CaCO3 and
standard PDF cards of CaSO4, MoO3, CaMoO4, CaCO3 are shown in Fig. 7. The
positions of major peaks in standard cards are marked with imaginary line for
identifications. Products 5#, 6#, 7# were obtained under 80%N2-10% O2-10% SO2

atmosphere at varying temperatures. It is observed that product 5# roasted at
500 °C comprises CaMoO4 and much unreacted CaCO3, whereas products 6# and
7# roasted at higher temperatures consist of both CaSO4 and CaMoO4, suggesting
that the formation of calcium molybdate and sulphate can be activated by raising
temperature. Products 8#, 9#, 10# were obtained at 600 °C under varying gas
proportions of N2–O2–SO2. It is seen that peaks relating to CaSO4 are only not
detected in product 8# with low SO2 proportion of 1.5%. Except this, the intensity
of peaks relating to CaSO4 and MoO3 in products 6#, 9#, 10# increases with the rise
of SO2 and O2 proportion over the peaks matching CaMoO4. Obviously, raising the
proportions of SO2 and O2 is also an effective means to promote the transformation
of CaMoO4 into CaSO4, whereby associated Mo is released as MoO3 from the
molybdate. Besides, it is noticed that the formation of CaSO4 seems slower than
CaMoO4. One possible reason is that roasting experiments were conducted using
pelletized raw materials, which could help the occurrence of solid–solid reactions
but is adverse to inner diffusion of SO2 and O2.

Fig. 6 Standard Gibbs free
energy changes of sulphates
formation from molybdates as
function of temperature
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Mixtures of MoO3 with Fe2O3, PbO, CuO roasted at 600 °C under 80% N2-10%
O2-10% SO2 atmosphere were also analysed by XRD as shown in Fig. 8. It is seen
that roasted mixtures of Fe2O3–MoO3 (product #11) are composed of Fe2Mo3O12

and surplus MoO3, while no ferric or ferrous sulphate is detected. Roasted mixtures
of PbO–MoO3 (product #12) are composed of both PbSO4 and PbMoO4, indicating
the conversion of partial molybdate to sulphate. As for product 13#, much peaks
relating to CuMoO4 and MoO3 are detected, but peaks relating to CuSO4 are not
found. Notwithstanding, some peaks in 2h of 9.5°, 17.8°, 20.7° and 25.0° cannot be
identified, so it is unable to determine that CuMoO4 is stable under SO2-containing
atmosphere. Additionally, sulphur contents in products 6# and 12# are measured to
be 8.27 and 4.70 wt%, respectively, which means CaSO4 and PbSO4 account for
35.1 and 44.5 wt% in each product. Sulphur content in product 11# is measured to
be 0.18 wt%, which is consistent with the result in Fig. 8 that less ferric or fer-
rous sulphate is generated, while sulphur content in product 13# turns out to be 2.88
wt%, suggesting that the unidentified peaks relate to sulphur-containing compound,
that is, partial CuMoO4 has been transformed.

Fig. 7 XRD patterns of
roasted mixtures of
MoO3–CaCO3 (5-10#) under
varying temperatures and gas
proportions of N2–O2–SO2,
and standard PDF cards of
CaSO4, MoO3, CaMoO4,
CaCO3
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Conclusions

Thermodynamic studies indicate that sulphides of Mo, Fe, Pb, Cu are easy to be
oxidized under SO2-containing atmosphere and molybdates of Ca, Pb and Cu
formed from solid–solid reactions could be transformed into corresponding sul-
phates, whereby associated Mo is released in form of MoO3. Roasting experiments
further demonstrate that molybdates of Ca, Pb and Cu could also be transformed
during roasting under SO2-containing atmosphere, but iron molybdate would
remain unchanged. Besides, both raising the temperature and proportions of SO2

and O2 are effective means to promote the transformation of CaMoO4 into CaSO4.
Overall, the results provide good support for the application of EGC technology in
oxidative roasting of molybdenite concentrates, and the new finding of transfor-
mations of molybdates into sulphates might help improve the subsequent Mo
extraction process.

Acknowledgements This work was supported by the National Natural Science Foundation of
China (No. 51874355) and the Co-Innovation Center for Clean and Efficient Utilization of
Strategic Metal Mineral Resources.

Fig. 8 XRD patterns of
roasted mixtures of MoO3

with Fe2O3 (11#), PbO (12#),
CuO (13#) at 600 °C under
80% N2-10% O2-10% SO2

atmosphere, and standard
PDF cards of Fe2Mo3O12,
PbSO4, PbMoO4, PbSO4,
CuMoO4, MoO3
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A Novel Method of Recovering Rare
Earths from Bayan Obo Rare-Earth
Concentrate Under Super-Gravity Field

Xi Lan, Jintao Gao and Zhancheng Guo

Abstract A novel method of effectively recovering rare earths (REEs) from
rare-earth concentrate under super-gravity was proposed in this paper. The recon-
structions of rare-earth phases in normal gravity and the separation behaviours of
REEs under super-gravity were investigated. It was indicated by the results of the
mineral phase reconstructions that the rare-earth phases were transformed from
original minerals of bastnaesite and monazite into britholite, rare-earth oxide
fluoride, rare-earth ferrate and monazite particles at 1423–1523 K, and there was
the only solid phase—rare-earth oxide fluoride phase in the sample at 1773 K. In a
super-gravity field, all the rare-earth oxide fluoride crystals were overall intercepted
by the filter along the super-gravity direction and effectively separated from the slag
melts. The mass fractions of

P
ReO and Ce2O3 in the separated rare-earth oxide

fluoride phase increased to 88.31 and 60.76 wt%, the recovery of
P

ReO and
Ce2O3 were 90.22 and 95.41%, respectively.

Keywords Mineral reconstructions � Recovery � Rare earths � Rare-earth
concentrate � Super-gravity

Introduction

Rare-earth elements (REEs) play a key role in the development of future sustainable
technologies, some of which are necessary to achieve a greener global energy
profile. Although not exactly rare, these elements are hard to mine and extract due
to the fact that they rarely form continuous ore bodies and they share similar
chemical properties [1]. The REE-Nb-Fe (Rare earth-Niobium-Iron) deposit at
Bayan Obo, Inner Mongolia, China, currently represents the largest REEs resource
worldwide [2]. However, it has been primarily adopted by the mineral process
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involved in blast furnaces to refine iron. As a result of this process, large quantities
of REEs were discarded [3]. Recently, the Bayan Obo ore has been primarily
performed by multistage magnetic flotation method to transform the REEs into the
rare-earth concentrate [4]. Yet it was difficult to extract REEs from the rare-earth
concentrate through the conventional beneficiation or hydrometallurgy methods
resulting from the complexity and variety of primary minerals [5, 6]. Therefore, the
escalating demand of REEs in various applications and the low utilization rate of
rare-earth concentrate have laid emphasis to recovery REEs from rare-earth con-
centrate by developing energy-efficient and eco-friendly processes [7].

If REEs could be enriched into a specific mineral on the basis of their similar
ionic radii [8], it would be conducive to recover the REEs from rare-earth con-
centrate. As for the precipitation and crystallization behaviours of rare-earth min-
erals, most investigations were focused on the rare-earth bearing blast furnace slag
[9] and the direct-reduced rare-earth ore [10, 11]. However, few investigations on
the precipitation of rare-earth concentrate could be referenced due to its complex
mineral composition and the lack of relevant thermodynamic data of REEs.
Therefore, the reconstructions of various RE-rich phases could be first observed in
this work.

Moreover, if the RE-rich phases could be separated directly from other minerals
at a specific high temperature, at which the REEs were enriched into a solid phase
while other minerals formed molten slag, it would be beneficial to effectively
separate the two different phases, yet it was infeasible to accomplish this task under
the conventional conditions. Some investigations on morphology of rare-earth
bearing slags revealed that the precipitation phases were embedded intimately in the
slag [12], which were difficult to be separated effectively from the slag by adopting
the conventional beneficiation methods; because the free sedimentation driven by
the difference in density between the two phases was insufficient to accomplish
solid–liquid separation due to the high viscosity of the solid–liquid mixture. As one
of the cutting-edge process intensification technologies, super-gravity has received
considerable attention and extensively explored in many fields, such as absorptions,
stripping, distillation, heat transfer, adsorption, extraction, nanoparticles preparation
and so on. Inspired by Ramshaw’s exploitation of centrifugal apparatus and its use
[13], the mass migration of different phases was improved in a super-gravity field.
Zhao [14] reported that the refined grains of pure aluminum could be effectively
removed in a super-gravity field, and the grain size of aluminum decreased rapidly
with gravity coefficient increasing. Previous investigations on separating various
compounds of perovskite [15], anosovite [16], olivine [17] and calcium phosphate
[18] from slag melts indicated that the super-gravity field significantly enhanced the
migration and concentration of the different phases. Consequently, the solid–liquid
separation between the RE-rich phase and slag phase was carried out further in a
super-gravity field in current study.

The aim of this paper was improving our understanding on the reconstructions of
rare-earth phases in the rare-earth concentrate, and initially proposed a novel
method to effectively recover REEs from rare-earth concentrate by super-gravity.
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Experimental

Materials

Bayan Obo rare-earth concentrate was employed as the raw material in this study;
its chemical composition measured by the XRF incorporated with ICP methods as
listed in Table 1, the mass fractions of Ce2O3, La2O3, Pr6O11 and Nd2O3 are 26.42,
11.84, 2.99 and 2.84 wt%, respectively. Combined with the XRD pattern of the raw
material as shown in Fig. 1, bastnaesite, monazite and fluorite are the primary
minerals in the Bayan Obo rare-earth concentrate.

Apparatus

A centrifugal apparatus incorporated with heating function is developed, as illus-
trated in Fig. 2, for achieving the recovery of the REEs from Bayan Obo rare-earth
concentrate at their respective precipitation temperatures under super-gravity.
A heating furnace and a counterweight are fixed symmetrically onto a centrifugal
rotor, which rotate from a vertical to horizontal orientation when the centrifuge
commenced operation. The isothermal zone of the heating furnace is 80 mm long,
and the temperature is controlled by a program controller with a B-type thermo-
couple within the observed precision range of ±3 K.

Mineral Reconstructions of Rare-Earth Concentrate

The mineral reconstructions of rare-earth concentrate with temperature rising were
investigated through conducting hot-quenching method at different temperature
ranges combined with offline analysis methods. 200 g rare-earth concentrate
powder was evenly filled into eight magnesia crucibles with an inner diameter of
18 mm and a height of 60 mm. The eight samples were sequentially heated to 1423,
1473, 1523, 1573, 1623, 1673, 1723 and 1773 K, respectively, under argon
atmosphere in a muffle furnace at a heating rate of 1 K/min. After holding the
samples at each targeted temperature for 30 min, the magnesia crucibles were taken
out and water-quenched immediately. Thereafter, the samples were measured by the
X-ray diffraction method (XRD, monochromatized CuKa radiation (k = 1.5418Å)
from 15 to 65°) to determine the variations in mineral compositions of various
rare-earth phases at different temperature ranges.
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Recovery of Rare Earths Under Super-Gravity Field

Based on the mineral reconstructions of the rare-earth concentrate with temperature
rising, various RE-rich phases were precipitated at different temperatures. The re-
covery experiment of the rare earths was carried out further in a super-gravity field
generated by the centrifugal apparatus. Twenty grams rare-earth concentrate pow-
der was placed into a magnesia crucible with 0.01 mm pore size embedded in the
filter plate and heated to 1773 K in the heating furnace of the centrifugal apparatus
for 10 min to make other minerals forming molten slag while keeping the specific

Fig. 2 Sketch of the centrifugal apparatus: (1) counterweight, (2) centrifugal axis, (3) thermo-
couple, (4) insulating layer, (5) resistance wire, (6) magnesia crucible, (7) temperature controller
and (8) filter plate
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Fig. 1 XRD pattern of Bayan Obo rare-earth concentrate
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RE-rich phase in a solid state, and then the centrifugal apparatus commenced
operation and was adjusted to 1892 rpm angular velocity to achieve gravity coef-
ficient of G = 1000 as calculated via Eq. (1). After centrifugal rotating at the
constant temperature for 10 min, the apparatus was shut off and the crucible was
water-quenched.

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þðx2xÞ2

q

g
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ N2p2x

900

� �2q

g
ð1Þ

where G is gravity coefficient, g is the normal gravitational acceleration
(g = 9.8 m/s2), x is the angular velocity (rad/s), x is the distance between the
centrifugal axis and sample centre (m) and N is the rotating speed (r/min).

Subsequently, the sample was sectioned longitudinally along the centre axis to
form a macrograph view, and the separated samples were analysed via the
SEM-EDS and XRD methods to determine the variations in microstructures and
mineral compositions of the separated RE-rich phases attained by super-gravity. In
addition, the mass fractions of

P
ReO in the separated samples were measured

further by XRF incorporated with ICP methods, and the recovery ratios of REEs in
the separated samples were calculated via Eq. (2), respectively.

RRe�u ¼ mu � xRe�u

mu � xRe�u þmb � xRe�b
ð2Þ

where, RRe−u is the recovery ratio of REEs in the upper sample; mu and mb are the
mass of the upper and bottom samples, respectively (kg); xRe−u and xRe−b are the
mass fractions of

P
ReO in the upper and bottom samples, respectively (%).

Results and Discussion

Mineral Reconstructions of Rare-Earth Concentrate

The variations in the mineral compositions of various rare-earth phases in Bayan
Obo rare-earth concentrate with temperature rising are shown in Fig. 3. It was
obvious that the primary rare-earth mineral—bastnaesite ([Ce,La,Nb,Pr]CO3F)
decomposed with temperature increasing, and the rare-earth phases transformed
from the original bastnaesite and monazite ([Ce,La,Nd,Pr]PO4) minerals into the
britholite (Ca3[Ce,La,Nd,Pr]2[(Si,P)O4]3F), the rare-earth oxide fluoride ([Ce,La,Pr,
Nd]3O4F3), the rare-earth ferrate ([Ce,La,Pr,Nd]FeO3) and the monazite particles at
a low-temperature range of 1423–1523 K as shown in Fig. 3.

With temperature increasing to a higher temperature range of 1573–1723 K as
shown in Fig. 3, the rare-earth phases were consisted of britholite, rare-earth oxide
fluoride and rare-earth ferrate. When temperature increasing further to 1723 K, the
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monazite and rare-earth ferrate disappeared completely, and the britholite decreased
significantly instead of forming the slag melt, whereas the rare-earth oxide fluoride
phase was the only solid phase.

Recovery of Rare Earths Under Super-Gravity Field

To further recover REEs from rare-earth concentrate, isothermal separation
experiment was carried out at the high-temperature range of 1773 K in a
super-gravity field. As the macrograph obtained by super-gravity with gravity
coefficient of G = 1000 and G = 1 at 1773 K shown in Fig. 4a and b, apparently,
the entire sample was blocked by the filter, and a uniform structure was taken on by
the sample attained under a normal gravity field (G = 1), as presented in Fig. 4a. In
contrast, the sample was separated into two parts by the filter in a super-gravity field
(G = 1000).

A series of SEM-EDS images and XRD patterns of the separated samples
attained by super-gravity are shown in Figs. 5 and 6, respectively. As accordingly
verified, the single rare-earth oxide fluoride crystals were the only solid phase in the
molten rare-earth concentrate at the temperature range of 1773 K, while the other
minerals formed slag melts. The slag melts evidently flowed through a filter driven
by super-gravity, and the britholite crystals with a hexagonal prism structure were
precipitated further from the separated slag melts after the water-quenching process.
Conversely, all of the equiaxed rare-earth oxide fluoride crystals were intercepted
by the filter along the super-gravity direction, and effectively separated from the
slag melts.

Furthermore, the chemical compositions of the separated samples obtained by
super-gravity are given in Table 2. After separating in a super-gravity field with
gravity coefficient of G = 1000 at 1773 K for 10 min, the mass fraction of

P
ReO
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Fig. 4 Vertical sections of samples attained by super-gravity compared with parallel samples:
a G = 1, T = 1773 K, b G = 1000, T = 1773 K

Fig. 5 Variations in SEM-EDS of the separated samples attained by super-gravity with G = 1000
and T = 1773 K: a, b SEM and EDS-upper sample, c, d SEM and EDS-bottom sample
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in the rare-earth oxide fluoride phase was up to 88.31 wt%, and that of Ce2O3 was
up to 60.76 wt%. The recovery of

P
ReO and Ce2O3 were 90.22 and 95.41%,

respectively. In contrast, the mass fractions of
P

ReO and Ce2O3 in the britholite
containing slag phase were decreased to 8.16 and 2.07 wt%, respectively.

Discussion

With respect to the Stokes’ law via Eq. (3), the effect of super-gravity field on the
separation behaviours of rare-earth oxide fluoride crystals in the slag melt can be
explained as follows.

Table 2 Chemical compositions of the samples after super-gravity separation (wt%)

Samples Ce2O3 La2O3 Pr6O11 Nd2O3
P

ReO Recovery ratio
of

P
ReO

Recovery ratio
of Ce2O3

Upper
sample

60.76 20.18 3.78 3.59 88.31 90.22 95.41

Bottom
sample

2.08 3.67 1.35 1.06 8.16 – –
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Fig. 6 XRD patterns of the separated samples attained by super-gravity with G = 600 and
T = 1773 K
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Vr ¼ dr
dt

¼ d2Dq
18g

w2R ð3Þ

where Vr is the migration velocity of rare-earth oxide fluoride crystals (m/s), d is the
diameter of rare-earth oxide fluoride crystals (m), Dq is the density difference
between rare-earth oxide fluoride crystals and slag melt (kg/m3) and η is the vis-
cosity of slag melt (N s/m2).

The reconstructions of RE-rich phases and the recovery of REEs from rare-earth
concentrate under super-gravity can be intuitively described by Fig. 7 based on
above results. The rare-earth oxide fluoride phase was the only solid phase while
the other minerals formed slag melts at the high temperature of 1773 K. However,
the viscosity of slag melts increased as the existence of rare-earth oxide fluoride
crystals, so the crystals were difficult to be separated from the slag melts in the
normal gravity field. In case of a super-gravity field, the slag melts evidently
followed through a filter driven by super-gravity. Conversely, all of the equiaxed
rare-earth oxide fluoride crystals were intercepted by the filter along the
super-gravity direction, and effectively separated from the slag melts. Moreover,
this work could potentially develop a novel approach for recovering various ele-
ments from some other complex slag melts in a super-gravity field.

Conclusion

In this paper, a novel method of recovering REEs from rare-earth concentrate by
super-gravity was proposed. The Bayan Obo rare-earth concentrate was employed
as the raw material, the reconstructions of RE-rich phases with temperature rising,

Fig. 7 Systematic diagram of recovering REEs from rare-earth concentrate under super-gravity:
a room temperature, b 1773 K, G = 1, c 1773 K, G = 1000

252 X. Lan et al.



and recovery of REEs in a super-gravity field were investigated. The following
conclusions can be drawn:

(1) It was indicated by the reconstructions results that the rare-earth phases
transformed from original bastnaesite and monazite minerals into britholite,
rare-earth oxide fluoride, rare-earth ferrate and monazite particles at 1423–
1523 K, which transformed further into the only solid phase—rare-earth oxide
fluoride at 1773 K.

(2) In a super-gravity field, all of the rare-earth oxide fluoride crystals were
intercepted by the filter along the super-gravity direction, and effectively sep-
arated from the slag melts, and the mass fractions of

P
ReO and Ce2O3 in the

separated rare-earth oxide fluoride phase were up to 88.31 and 60.76 wt%, the
recovery of

P
ReO and Ce2O3 were 90.22 and 95.41%, respectively.
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Sintering Characteristic
and Consolidation Behaviour
of Chromite Fines

Xiaohui Fan, Guojing Wong, Min Gan, Xuling Chen, Zhiyun Ji,
Xunwei Zhou and Wei Lv

Abstract A study on sintering of chromite fines was conducted through sintering
pot test. The effect of sintering parameters including mix moisture content, coke
breeze rate, bentonite dosage and sintering suction was investigated. It was found
that conventional sintering process can be applied to the agglomeration of chromite
fines as well. Appropriate parameters for chromite fines sintering were 8.0%
moisture, 7.0% coke breeze, 2.0% bentonite and 14 kPa sintering suction.
Furthermore, the consolidation characteristic of chromite sinter was observed by
using a microscope, scanning electron microscope (SEM) and energy dispersive
spectrometer (EDS). It can be found that the sinter mainly consisted of chromo-
hercynite, forsterite and monticellite. Besides, the element distribution of Fe and Cr
in chromohercynite was quite different. Fe mainly distributed on the outer layer
while Cr distributed in the inner layer. The chromohercynite formed from liquid
phase has higher Fe and Mg content.

Keywords Sintering � Chromite fines � Consolidation characteristic

Introduction

As an essential element in modern industry, chromium is widely used in steel-
making process, which improves the property of steel [1]. Therefore, special steel
can be produced with the application of chromium. Besides, chromium can also be
used for the smelting of special alloy with other elements, such as nickel, cobalt,
and tungsten. Both the special steel and the special alloy are indispensable to
spacecraft, automobiles and other manufacturing [2–4]. Hence, as a typical
chromium contained resource, chromite is reserved by governments as a strategic
resource [5].

X. Fan � G. Wong (&) � M. Gan � X. Chen � Z. Ji � X. Zhou � W. Lv
School of Minerals Processing & Bioengineering, Central South University,
No. 932, South Lushan Road, Changsha, Hunan 410083, People’s Republic of China
e-mail: wgjcsu@126.com

© The Minerals, Metals & Materials Society 2019
T. Jiang et al. (eds.), 10th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-05955-2_24

257

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_24&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_24&amp;domain=pdf
mailto:wgjcsu@126.com
https://doi.org/10.1007/978-3-030-05955-2_24


Nowadays, nearly 80% chromite belongs to ore fines. Even though the fines
have a higher grade and lower price [6], it will also cause the deterioration of
permeability and furnace condition during the smelting process and finally worsens
the technical and economical index. Therefore, realizing the agglomeration of
chromite ore fines is a functional way to reduce the cost of ferrochrome production
[7]. The methods of agglomeration include briquetting, pelleting and sintering
[8–10]. According to the research of Deqing Zhu [9] and Bikash Nandy [11],
sintering is much more suitable for the agglomeration of chromite due to the better
sinter strength, reasonable particle size distribution and good reducibility.
Generally, chromite ((Fe, Mg) (Cr, Al)2O4) has a high melting point so that some
fluxes, like chlorite or ophiolite, should always be added to help generate low
melting point materials which can produce more liquid phase and improve the
sintering indexes [12]. Owing to the better capacity of mineralization, ophiolite is
always chosen [13].

China has been the largest manufacturer and consumer of stainless steel as well
as the consumer of chromite. However, China is short of chromium resource, which
accounts for only 0.15% of the global reserves [14]. Therefore, how to utilize the
chromite ore fines is of significance for China. In this paper, the sintering test of
chromite fines with ophiolite has been operated. The sintering characteristic and
consolidation behaviour have also been researched.

Materials and Methods

Properties of Raw Materials

In this test, chromite, ophiolite, coke breeze and bentonite were used to produce
sinter. Chromite came from South Africa and Turkey. Based on the characteristic of
particle size distribution, the chromite from Turkey was divided into the coarse one
and the fine one. And the chromite fines were abbreviated to SFC, TCC and TFC,
respectively. The chemical compositions of these materials were given in Table 1.
Obviously, the chromium content of SFC and TCC was much higher than that of

Table 1 Chemical compositions of materials/wt%

Material
types

TFe FeO Cr2O3 SiO2 Al2O3 CaO MgO P S LOI

SFC 18.91 18.49 40.60 6.85 12.29 1.29 10.46 0.01 0.01 1.04

TCC 9.78 10.93 42.44 11.22 6.53 1.03 19.85 0.01 0.01 5.30

TFC 10.89 11.00 33.95 10.49 7.67 1.35 18.56 0.01 0.10 11.01

Ophiolite 5.93 1.89 0.068 36.77 0.94 2.83 36.18 0.01 0.02 14.02

Coke breeze 2.21 0.08 1.82 9.01 3.24 0.64 1.62 0.03 0.09 81.26

Bentonite 3.10 – – 39.13 6.87 11.62 6.09 – – 21.51
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TFC. Besides, TCC and TFC have a higher content of MgO than SFC, while SFC
has a higher content of Al2O3. The size distributions of raw materials were shown in
Table 2. The contents of fine particles under −0.5 mm in SFC, TCC and TFC were
48.96, 40.45 and 69.59%, respectively. The size of ophiolite was mainly -3 mm,
which accounted for nearly 90%. Hu [15] pointed out that the particle size of
ophiolite should be less than 3 mm when ophiolite was used for sintering. Hence,
the ophiolite utilized in this test met the requirement.

Methods

The sintering tests were carried out through a sintering pot (as shown in Fig. 1), of
which the size is U180 mm � 700 mm. The sintering process mainly included
blending, mixing, granulation, feeding, ignition, sintering and cooling. The gran-
ulation was practiced in a drum with a diameter of 600 and 800 mm length at
15 rpm for 4 min. Before feeding, 1 kg hearth of chromite sinter with size between
10 and 16 mm should be placed in the sintering pot. The ignition was operated with
natural gas at 1100 ± 50 °C for 2 min, and the suction was controlled at 7.5 kPa.
Sintering suction was set to 14 kPa when the ignition was done. Then, the sintering
finished until the flue gas temperature reached the peak value. The sinter cooled for
6 min at 7.5 kPa suction. Then, the tumble index, yield and productivity were
calculated as follows to help evaluate the quality and yield of sintered ore.

TI ¼ m1

m0
� 100% ð1Þ

gyield ¼
S0 � R
S0

� 100% ð2Þ

c ¼ k
M
D2t

ð3Þ

Table 2 Size distributions of materials

Material
types

Size distributions (mm)/% Average diameter/
mm+8 5–8 3–5 1–3 0.5–1 0.25–

0.5
−0.25

SFC 2.58 14.73 8.03 3.93 21.77 17.02 31.94 1.92

TCC 0.00 0.55 8.90 31.08 19.02 4.85 35.60 1.23

TFC 0.00 0.35 2.61 11.01 16.45 6.97 62.62 0.60

Coke breeze 0.58 1.61 7.50 17.39 19.33 5.76 47.34 1.07

Ophiolite 0.00 0.17 9.04 37.76 25.56 9.82 17.65 1.38

Return fines 0.00 0.00 13.57 38.36 22.60 7.93 17.54 1.54
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where TI is the Tumbler index, %; m1 is the mass of sample (+6.3 mm) after
tumble, kg; m0 is the mass of sample for tumble, kg; ηyield is the yield, %; S0 is the
mass of sinter without hearth, kg; R is the mass of return fine (−5 mm), kg; c is the
productivity, t m−2 h−1; k is a conversion factor, 7.65 * 104; M is the mass of
finished sinter, kg; D is the diameter of sintering pot, mm; t is the sintering time, min.

After the finished sinter was cooled down, their mineralogical characteristics
were observed through XRD (D8 ADVANCE, Bruker), optical microscope
(DMRXP, Lecia) and SEM-EDS ((Nova NanoSEM230, FEI Electron Optics B.V).

Results and Discussion

Effects of Sintering Conditions on Sintering Indexes

The sintering test was carried out with a sintering pot under the conditions (shown
in Table 3). The effects of moisture content, coke breeze rate, bentonite dosage and
sintering suction on sintering indexes were researched.

Fig. 1 Effects of moisture on
sintering indexes

Table 3 Experimental conditions of sintering test

SFC: TCC:
TFC

MgO/
Al2O3

Moisture
(%)

Coke breeze rate
(%)

Dosage of
bentonite (%)

Sintering
suction
kPa

6:2:2 1.5 7.0 ! 8.5 7 2 14

6:2:2 1.5 8 4 ! 8 2 14

6:2:2 1.5 8 7 1.5 ! 3 14

6:2:2 1.5 8 7 2 12 ! 15
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Effects of Moisture Content on Sintering Indexes

The moisture of mixture played an important role during the sintering process,
especially for the granulation and combustion and heat transfer. The effects of
moisture on sintering indexes were given in Fig. 2. As the moisture increased, the
granulation was improved so that the permeability of sinter layers was also
improved and vertical sintering velocity was accelerated. Faster vertical sintering
velocity meant rapid combustion of fuel, which affected the metallogenetic process
and caused the reduction of yield. Excess moisture needed more heat to be evap-
orated. Hence, insufficient heat and the thickness of over-wet layer would lower the
TI. In this test, it would be better to control the moisture at 8.0%.

Effects of Coke Breeze Rate on Sintering Indexes

The mineral composition, microscopic structure and sintering indexes were influ-
enced by the coke breeze rate. The effects of coke breeze rate on sintering indexes
were shown in Fig. 3. As the rate of coke breeze increased, the yield, TI, pro-
ductivity and solid fuel consumption went up. However, the granulation process
would be deteriorated, and the productivity would be reduced when the rate was
more than 7.0%. Therefore, the coke breeze rate should be controlled at 7.0%.

Effects of Bentonite Dosage on Sintering Indexes

Bentonite was widely used for improving the granulation and the permeability of
sinter layers because of its better water absorption capability. Besides, during the
sintering process, the bentonite can also react with the silicate minerals under high
temperature. The reaction can promote the formation of liquid phase, which
improves the sinter strength. The effects of bentonite dosage on sintering indexes

Fig. 2 Effects of moisture on sintering indexes
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were shown in Fig. 4. To avoid the deterioration caused by the increase of ben-
tonite, the suitable dosage of bentonite should be controlled at 2.0%.

Effects of Sintering Suction on Sintering Indexes

The sintering suction was researched when the moisture, the rate of coke and the
dosage of bentonite were 8.0, 7.0 and 2.0%, respectively. The results were shown in
Fig. 5. When the sintering suction was relatively lower, the blast capacity passed
through the layers per unit time was less so that the combustion of the fuel was
incomplete and the sintering indexes deteriorated. While the sintering suction
increased, the sintering indexes were improved. However, higher sintering suction
meant higher consumption. Therefore, it would be better to control the sintering
suction at 14 kPa.

Fig. 4 Effects of bentonite dosage on sintering indexes

Fig. 3 Effects of coke breeze rate on sintering indexes
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Consolidation Behaviour

The sintering test was operated when the moisture, the rate of coke breeze, the
dosage of bentonite and the sintering suction were 8.0%, 7.0%, 2.0% and 14 kPa,
respectively. The consolidation behaviour of finished sinter was researched.

The chemical compositions of the finished sinter were given in Table 4.
As shown in Fig. 6, the finished sinter mainly consisted of chromohercynite
((Fe, Mg)(Cr, Fe, Al)2O4).

Fig. 5 Effects of sintering suction on sintering indexes

Table 4 Chemical compositions of finished sinter/wt%

Material TFe FeO Cr2O3 SiO2 Al2O3 CaO MgO

Finished sinter 13.92 14.70 34.58 10.66 9.33 1.52 13.99

Fig. 6 XRD pattern of
finished sinter
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The microstructure of finished sinter was given in Fig. 7. The structure of this
finished sinter was compact. There were mainly four kinds of structures,
the chromohercynite, the spinel with higher content of Fe and lower content of Cr,
the kirschsteinite and the forsterite. The chromohercynite and kirschsteinite held
higher proportion, while the spinel with higher content of Fe and lower content of
Cr existed between the chromohercynite and kirschsteinite like a boundary. And the
forsterite mainly came from the decomposing reaction of ophiolite.

The characteristic of mineral composition in the finished sinter were analysed by
SEM-EDS, and the results were shown in Fig. 8 and Table 5.

It can be found that the element distribution of Fe and Cr in chromohercynite was
quite different, of which Fe mainly focused on the outer layer (Region 2 shown in
Fig. 8), while Cr distributed in the inner layer (Region 1). The chromohercynite came
from liquid phase has a small size and higher content of Fe and Mg (Region 3).

G— Chromohercynite; FG —Spinel with higher content of Fe and lower content of Cr; 

CM— Kirschsteinite；M— Forsterite

Fig. 7 Microstructure of finished sinter. G—Chromohercynite; FG—Spinel with higher content
of Fe and lower content of Cr; CM—Kirschsteinite; M—Forsterite
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Besides, the forsterite, monticellite and other silicates also existed in the finished
sinter, and the chemical composition of them was quite different (Region 4 to 6).

As shown in Fig. 9, the white parts were chromohercynite, of which the brighter
one contained more Fe. The forsterite was rod-like, and parts of them were mon-
ticellite. Fe mainly distributed in the outer layer of chromohercynite. The content of
Mg distributed in hortonolite was more than that in the chromohercynite. Al mostly
distributed in the monticellite and chromohercynite. The content of Ca and Si were
relatively lower, and they mainly distributed in the silicate.

Fig. 8 SEM pattern of finished sinter

Table 5 Chemical compositions of different regions in finished sinter

Composition Cr2O3 Fe2O3 MgO Al2O3 SiO2 CaO

Wt/
%

Mol/
%

Wt/
%

Mol/
%

Wt/
%

Mol/
%

Wt/
%

Mol/
%

Wt/
%

Mol/
%

Wt/
%

Mol/
%

Region 1 51.4 35.4 19.4 12.7 13.9 36.0 14.3 14.7 – – 0.2 0.3

Region 2 1.6 1.2 78.9 56.8 9.9 28.1 5.5 6.2 3.0 5.7 0.4 0.8

Region 3 0.3 0.2 71.3 45.8 12.2 30.9 6.0 6.0 8.1 13.8 0.8 1.5

Region 4 0.2 0.1 8.7 3.5 9.3 14.7 11.2 7.0 56.9 60.2 11.3 12.8

Region 5 – – 5.7 1.8 44.5 56.4 1.6 0.8 46.8 39.9 0.8 0.8

Region 6 – – 5.4 1.7 48.1 59.7 – – 46.2 38.5 – –

Note: “-” means not detected
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Conclusions

The sintering characteristic of chromite fines was investigated through sintering pot
test. Appropriate parameters were confirmed: moisture 8.0%, rate of coke breeze
7.0%, dosage of bentonite 2.0%, sintering suction 14 kPa. Good sintering indexes
have been obtained, which meant that sintering process was also applicative for
chromite fines. The microstructure of finished sinter was impact. The finished sinter
consisted of chromohercynite, forsterite and monticellite instead of calcium ferrite
and fayalite. The distribution of Fe and Cr in chromohercynite was quite different,
of which Fe mainly focused on the outer layer while Cr distributed in the inner
layer. The chromohercynite came from liquid phase has a small size and higher
content of Fe and Mg. In this test, ophiolite was selected as flux. Therefore, the
contents of Ca and Si were relatively lower, and they mainly distributed in the
silicate.
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Construction and Practice on Energy
Flow Network of New Generation
Recyclable Iron and Steel
Manufacturing Process

Fuming Zhang

Abstract Shougang Jingtang iron and steel plant is a new generation recyclable
iron and steel plant designed according to the concept and principle of circular
economy. The steel plant is provided with the comprehensive functions of high
quality steel product manufacture, high-efficiency energy conversion and waste
disposal. In order to realize the cooperation and high efficiency of iron and steel
manufacturing process, a full process energy flow network with carbon flow as the
core is designed and constructed to realize energy high efficiency conversion and
low carbon green manufacturing. Since Jingtang steel plant was put into production,
the efficiency of energy conversion has been continuously improved, and remark-
able results have been obtained in high-efficiency energy utilization and high value
conversion. The emission of CO2 and pollutants has been greatly reduced, and
cleaning production and low-carbon metallurgy have been realized.

Keywords Iron and steel � Energy saving � Energy flow network � Emission
control � Circular economy

Introduction

In order to solve the non-capital functions of Beijing at the beginning of the
twenty-first century, Shougang decided to move out of Beijing region and build a
new steel base, Jingtang Iron and Steel Plant, in Caofeidian industrial district,
Tangshan city, Hebei province. The project is designed and built independently
according to the concept of a new generation of recyclable iron and steel processes
and has a large steel project with advanced international technical merit in the
twenty-first century. It is also a large-scale modern steel plant which produces thin
strip and sheet. Shougang Jingtang Iron and Steel Plant has “three functions” [1], it
not only pays attention to high quality and high-efficiency iron and steel products
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manufacturing function, but also pays attention to high efficiency, clean energy
conversion function, handles large amount of social waste and realizes the function
of reusing resources.

The design annual output of Shougang Jingtang Iron and Steel Plant is 8.7–9.2
million ton. The engineering erection began on 12 March 2007, No. 1 blast furnace
blew in on 21 May 2009, No. 2 blast furnace was put into production on June 26
June 2010 and the complete iron and steel manufacturing process put into pro-
duction smoothly. The high efficiency and clean steel production process with 2
blast furnaces, 1 steelmaking plant, 2 hot rolling lines and 4 cold rolling lines are
integrated and constructed. 5500 m3 blast furnace, high efficiency and low cost
clean steel production platform, 50,000 tons per day seawater desalination facility
and other representative advanced technological equipment have been designed and
constructed. It plays an important role in guiding and demonstrating the design and
construction of a new generation of recyclable steel plant in the twenty-first century.

Design Philosophy and Main Objectives

Engineering Concept

Shougang Jingtang Iron and Steel Plant is a modern large-scale iron and steel
project with international advanced level in the twenty-first century, the first real
coastal port construction and the whole production of thin strip and sheet, according
to the concept of the new generation of recyclable steel process and the independent
design and construction of China. The engineering design concept and goal are:
guided by the theory of metallurgical process engineering [2], taking the con-
struction of the new generation recyclable steel plant “Three Functions” as the core
design philosophy, according to the “high starting point, high standard and high
requirement” put forward by the central government, achieve the “First Class”
project construction objectives of product, management, environment and benefit.
In engineering design, independent integrated innovation has been carried forward
and Shougang Jingtang has become a clean steel manufacturing base, a circular
economy demonstration base and an independent innovation demonstration base for
the production of thin strip with high quality and high efficiency.

In engineering design, on the basis of deep understanding of the physical essence
of the dynamic operation of steel plant and the development trend of iron and steel
industry in the new century, the concept of a new generation of recyclable iron and
steel technological process is followed. Based on the theory and method of modern
iron and steel metallurgical engineering design, the conceptual design, top-level
design, dynamic precision design and three-dimensional simulation design of
Shougang Jingtang Iron and Steel Plant project are innovated and practised, a new
generation of recyclable steel manufacturing process is designed and constructed,
and become a new generation of recyclable steel manufacturing process demon-
stration project [3].
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Engineering Objectives

The main goals of Shougang Jingtang project are according to the construction
concept of the new generation recyclable iron and steel manufacturing process,
research and development of a new producing process of clean steel with high
efficiency and low cost, metallurgical gas dry dust removal and the high temper-
ature with high pressure dry coke quenching power generation. In order to realize
the effective utilization of low quality waste heat and social waste resources, the
integrated technology is applied to Shougang Jingtang as a systematic technological
integration and strives to build the twenty-first-century world-class advanced iron
and steel plant.

The new generation recyclable iron and steel manufacturing process is not a
representation or transformation of existing processes or facilities, but a new iron
and steel manufacturing process based on the dynamic integration of substance
flow, energy flow and information flow around the core concepts of high efficiency,
low cost and recyclable process. To realize the three functions of product manu-
facture, energy conversion and disposal of social waste, and integrate construction
in Shougang Jingtang.

• High efficiency and low cost clean steel manufacturing platform.
• High-efficiency energy conversion and energy saving steel plant.
• Clean steel plant with recycling resources and energy.

The dynamic and precise concept of engineering design is established in the
top-level design of Shougang Jingtang. Around the dynamic running rule of “Flow”
in the whole iron and steel manufacture process, the basic concept of process
optimization is dynamic-orderly and synergetic-continuous. In the top-level design,
the principles of overall, hierarchical, dynamic, relevance and environmental
adaptability are emphasized, including process or facility element selection, process
structure optimization, function extension, as well as efficiency excellence.

(1) Factor selection

In the capital, land, resource, market, environment, labour force and technology
and so on, the reasonable matching of the basic elements of industry and economy
is realized, and the technology integration system is built, and the development
mode of interaction, cooperation, integration and evolution is realized.

(2) Structure optimization

Advanced and large-scale technical equipment are adopted and configured in
Shougang Jingtang to promote the operational efficiency, product quality and
economic benefit. Two blast furnaces, one steelmaking plant, two hot rolling plants
and the corresponding four cold rolling and coating production line are constructed
by adopting the most advanced technological process in the world and the
“2-1-2-4” type manufacturing process structure. The annual production capacity of
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crude steel is between 8.7 and 9.2 million ton. The iron and steel manufacturing
process flow of Shougang Jingtang Iron and Steel Plant is shown in Fig. 1.

(3) Function extension

The “Three Functions” concept of new generation steel plant was carried out
during the engineering design. The multi-functions of modern steel plant are
explored from single function of steel products manufacturing to three functions
and circular economic zone.

(4) Efficiency excellence

The coordination relationship between time and space is established, the con-
struction of process network and the relationship between processes are emphasized
and the new interface technologies between different operational units are devel-
oped and applied. The integration and innovation of top-level design are empha-
sized, pay attention to the stability, reliability and efficiency of the whole process.

Construction of Full Process Energy Flow Network

Energy Flow Network Design

In the design of energy flow network structure, according to the behaviour and
conversion characteristics of energy flow and different energy medium operating
process, a perfect energy supply system and energy conversion network system are
designed and built based on real-time monitoring and online scheduling. Process
control, centrally managed by Energy Control Center [4]. The efficient conversion of
energy and the optimal allocation of energy structure are studied in depth and the
system is optimized. The secondary energy of the steel manufacturing process is fully
recovered, and the waste heat of the steel plant is fully utilized to generate electricity.
The power generation rate of iron and steel plant is more than 94%, and all kinds of
associated gas in iron and steel metallurgical process are “zero emission”.

Fig. 1 Iron and steel manufacturing process flow of Shougang Jingtang steel plant
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All kinds of energy media are connected with each manufacturing process
through pipeline, and each production process acts as the node on the energy
network to become the pivot of energy medium conversion, transmission and
storage, so as to realize the energy network management of the whole plant.

In the engineering design of circular economy, green manufacturing, energy
saving and emission reducing, lots of advanced large-scale technology and
equipment are adopted to improve production efficiency and energy use efficiency.
The two sets of 260 t/h high temperature and high pressure dry quenching
(CDQ) device are configured to four series 70 batteries 7.63 m coke oven and the
generating electricity up to 105 kWh/t. The low calorific value blast furnace gas
(BFG) is applied for 5500 m3 blast furnace hot blast stove combustion, The high
efficiency preheating technology of gas and combustion air is applied, the high air
temperature dome combustion hot blast stoves are configured, so that the blast
temperature reaches above 1250 °C, and the highest monthly average blast tem-
perature reaches 1300 °C [5]. The blast furnace gas cleaning system is innovated by
full dry de-dusting technology and high-efficiency top gas recovery turbine
(TRT) coupling technology [6]. The top gas residual pressure turbine generator set
with installed capacity of 36.5 MW, and the power generation is up to 50 kWh/
thm, the dust content in purified gas is 2–4 mg/m3. The dry dust removal tech-
nology is adopted in BOF gas de-dusting system [7], the BOF gas recovery reaches
96 m3/t and steam recovery reaches 115 kg/t, dust content in purified gas is less
than 10 mg/m3. All kinds of the associated gas in the metallurgical process of the
iron and steel plant are recovered completely, used for the combustion and heating
of the iron and steel manufacturing process, the surplus gas is used for generating
electricity, and the “spent steam” after generating electricity as the heat source for
the 50,000 t/d low temperature and multi-efficiency seawater desalination facility, is
used for desalination of seawater.

Figure 2 shows the network flow diagram of energy flow operation in Shougang
Jingtang Steel Plant.

Technical Feature

• Energy management networking. Through the GIS (Geography Information
System) simulation system to realize the accurate space and time positioning in
the control of various energy media, and the network management information.

• Real-time online monitoring, scheduling and management are carried out for
any energy medium through space and time systems, and operational decision
making is modelled.

• The control and forecast model of energy network operation is developed to
realize the intelligent management of energy network. Includes process model,
cost model and decision model.
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Operating Practice

• The systematic energy saving is achieved. The energy saving of the whole
process system can save 91,600 ton standard coal per year.

• The gas release rate is reduced. BOF gas is “zero release”, coke oven gas
emission rate is 0.043% and blast furnace gas is less than 1.96%.

• The pressure fluctuation of gas pipeline network is reduced. The range of
pressure fluctuation of blast furnace gas is reduced to ±0.3 kPa.

• The steam pipe network runs stable. The fluctuation range of steam pressure is
less than 0.1 MPa, and the steam “zero release” is realized.

Energy Saving and Energy Recycling Practice

Technical Concept

In the design and production, the energy supply structure is optimized, the
high-price energy is replaced by the low-price energy. The blast oxygen enrichment
and pulverized coal injection technology are adopted to reduce the coke con-
sumption, and the secondary energy (such as coke oven gas, blast furnace gas and
converter gas) in the iron and steel production process could be fully recovered to

Fig. 2 Operation network of energy flow in Shougang Jingtang plant
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reduce the costs of energy purchase and outsourced energy. All kinds of residual
heat generated by various production processes (including sintering, hot blast stove,
converter, heating furnace, etc.) are recovered and reutilized. The clean production
is implemented, reduce primary energy consumption from the source and reduce
emissions of various pollutants. It has been proved that energy saving and con-
sumption reducing are the most effective and economic measures for environmental
protection because of the reduction of all kinds of emissions from the iron and steel
production source.

Technical Route and Basic Principles

(1) According to the 3R principle of circular economy of “Reduce, Reuse and
Recycle”, the emphasis of energy saving is on optimizing production tech-
nology. Through the active use of energy saving technology and technology in
the design, the production process and product structure optimization.

(2) The new energy saving technologies are applied and popularized, such as dry
coke quenching and metallurgical gas dry dust removal, to promote the reuse
and recycling of resources and energy.
As a result of ironmaking system accounts for about 70% of the total energy
consumption of iron and steel production, ironmaking process is the focus of
energy saving. The overall implementation of the concentrate policy in the
design mainly includes controlling the fluctuation range of grade of ferrous
content of raw materials within ±0.3% and ore grade reaching more than 60%.
Increasing coke strength, reducing coke ash and sulfur content. Giving play to
the advantages of comprehensive synthesis raw material yard, stabilizing blast
furnace raw material composition. Adopting the high blast oxygen enrichment,
high blast temperature and high pulverized coal injection technologies to reduce
the coke consumption. The TRT device power generation for recovery of top
gas residual pressure and the waste heat of hot blast stove flue gas are con-
figured to realize the high efficiency energy recovery and conversion. The
reasonable burden composition of high basicity sinter ore with acid pellet (or
lump ore) is adopted to ensure the blast furnace stable and smooth operation, to
realize the long campaign life and to promote the hot metal quality.

(3) The secondary energy and residual pressure, waste heat resources are fully
recycled, and the energy structure of enterprises is optimized. The recovery and
utilization of blast furnace gas, coke oven gas and converter gas are improved.
The comprehensive utilization of all kinds of energy medium on the basis of
energy balance is emphasized.
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High Efficiency Energy Conversion and Highlight Energy
Saving Technology

(1) Advanced large-scale modern technologies and equipment for energy saving
and emission reducing are applied.
The main manufacturing process is configured advanced and large-sized
facilities, such as 5500 m3 blast furnace, 500 m2 sintering machine, 504 m2

travelling grate induration machine, 7.63 m coke oven, 300 t converter, sec-
ondary refining, high efficiency slab continuous casting machine, 2250 mm hot
continuous rolling, 1580 mm hot continuous rolling, 2230 mm cold continuous
rolling, 1700 mm cold continuous rolling, 1420 mm cold continuous rolling,
hot galvanizing and electro tinning, coating production line, etc. These
equipment are modern large-scale production facilities with high production
efficiency and low energy consumption.

• The large-scale and high-efficiency equipment is integrated and applied
• The 5500 m3 blast furnace is adopted, compare with the 4000 m3 blast

furnace, the capacity is increased 32% and the fuel ratio is reduced
approximate 4.8%.

• The 500 m2 sintering machine compare with 360 m2 sintering machine, the
production capacity is increased by 62%, the energy consumption is reduced
by 8%, the consumption of fuel and electricity is reduced by 10%.

• The 7.63 m coke oven configured with 260 t/h dry coke quenching facility,
compare with the 6.0 m coke oven configured with 140 t/h CDQ, the
production efficiency is improved 50%, energy consumption is reduced
6.0%, and the CDQ power generation efficiency is improved 12%.

(2) Advanced energy saving and emission reducing technologies are adopted and
innovated.

• The two sets of 260 t/h CDQ facility are equipped with two sets 30 MW
high temperature and high pressure steam generator. The power output
reached 447 million kWh and per ton coke was 113.5 kWh in 2016.

• Dry gas dust removal technology is developed in 5500 m3 blast furnace.
The dust content of purified gas reaches 2–3.5 mg/m3. Compared with wet
dust removal technology, the water saving is 4000 t/d and the electricity
saving is 36000 kWh/d. The power generation is increased by more than
45%. The energy saving 7.24 kg standard coal per ton hot metal, and annual
emission reduction of CO2 approximate 169,100 ton.

• 300t converter gas dry dust removal technology, the clean gas dust content
is less than 10 mg/m3, compared with converter gas wet dust removal, save
electricity and water about 1/3, respectively, reducing construction land
about 1/2, energy saving reach 4.5 kg standard coal per ton steel, and reduce
annual CO2 emissions approximate 107,600 tons.
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Practice and Effect of Energy-Saving Technology Innovation

(1) 5500 m3 super large blast furnace technology is adopted.
The dome combustion hot blast furnace technology is developed and adopted in
5500 m3 super large blast furnace in the world for the first time. The dome
combustion hot blast stove can promote the heat transfer efficiency and reduce
the fuel consumption. The hot blast temperature can achieve more than 1250 °
C under the condition of only burning blast furnace gas. The comprehensive
utilization ratio of energy is increased by 20% compared with another large
blast furnace.
The 11,000 m3/min blast volume (Standard Temperature and Pressure) axial
intake blower is adopted, which is the largest in the world and energy saving
and high efficiency at present, and a large capacity dehumidification system is
provided. Compared with the traditional blast furnace blower, the power con-
sumption is reduced greatly, the power can be saved by 8 million kWh per year
and it is beneficial to the stability of the blower operation in summer and to
increase the stability of blast furnace smelting.

(2) Clean steel manufacturing platform is constructed.
The hot metal pretreatment of desulphurization, dephosphorization, desilication
is developed and adopted firstly in China, and the 4 sets KR device for
desulphurization, 2 sets of 300t converter for dephosphorization and desilica-
tion 3 sets of converter for steelmaking. The process route of “full three
removal” is configured for clean steel manufacturing in Shougang Jingtang.
A small amount slag steelmaking and total molten steel refining are adopted to
create a clean steel production platform. The lime consumption is reduced to
30 kg/t steel when the decarburized slag is returned to the dephosphorization
converter.
In order to realize slag splashing and converter protection under the condition
of less slag, the technology of triple slag circulation has created a solid foun-
dation for the reduction and reuse of steel slag. By using ladle capping tech-
nology, the tapping temperature of converter can be reduced by 9 °C, the
consumption of coke oven gas is reduced by 6.5 m3/t, and the stable operating
ratio is more than 99.97%. The total contents of five harmful elements (sulphur,
phosphorus, nitrogen, hydrogen, oxygen) in steelmaking can reach the inter-
national advanced level of less than 45 ppm.

(3) BF-BOF interface technology is developed and applied.
The hot metal transportation direct from blast furnace to steelmaking plant by
open ladle technology is adopted. The temperature of hot metal to the desul-
phurizing station is 1390 °C, compared with the torpedo tank, the temperature
drop of hot metal transportation is reduced by 50 °C, and the dust produced in
the process of pouring the ladle is reduced by 4700 ton per year; the lifting
height of the crane is reduced, and the electricity consumption is saved by 11.4
million kWh/year. After put into production, the hot metal ladle cover measure
is applied, and the drop of hot metal temperature is further reduced.
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(4) Large-scale oxygen production technology is configured.
The VAROX process is adopted in 75,000 m3/h oxygen generator, it can adjust
the load in extremely large range variable, the oxygen output can be adjusted in
36,250–98,750 m3/h in working condition to require the iron and steel enter-
prise discontinuous oxygen demand, achieves the oxygen zero emission. It can
save the electricity 20 million kWh and save energy 2458 ton standard coal per
year.

(5) Energy management center is constructed to strengthen energy management.
The whole plant energy management center system (EMS) has been built into
an intelligent control system which integrates process monitoring, energy
management and energy scheduling. The system plays a significant role in
reducing gas emission, improving environmental quality, reducing energy
consumption, improving labour productivity and energy management level.

Conclusions

Shougang Jingtang Iron and Steel Plant design and construction are based on a new
generation of recyclable iron and steel manufacturing process. It has three func-
tions: product manufacturing, energy conversion and waste disposal. Through the
optimization of the design, the large-scale technical equipment and energy-saving
technology are adopted to effectively construct the energy flow network, to realize
the high efficiency energy conversion and utilization. The energy consumption is
greatly reduced, and the effect of energy saving and emission reducing is
remarkable. The significant achievement and performance have been achieved.
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Dependency of Microstructure
and Inclusions on the Different Growth
Rate for Directionally Solidified
Non-quenched and Tempered Steel

Hui Liu, Jianbo Xie, Honggang Zhong, Qijie Zhai and Jianxun Fu

Abstract Using a Bridgman directional solidification furnace, the solidification
experiments of a non-quenched and tempered steel were directionally conducted at
a temperature ingredient with various growth rates (v = 10–300 lm/s). The values
of the dendrite arm spacing and mean diameter of MnS (dMnS) inclusions in the
steady uni-solidification zone were measured. Based on these results, dMnS is more
directly related to the secondary dendrite arm spacing (k2) than the primary one.
Besides, the values of dMnS and k2 decrease with increasing growth rate. The
relationship between k2 and dMnS with growth rate was determined by linear
regression analysis. Therefore, k2 = 472.06 v−0.375, dMnS = 4.45 v−0.125, and the
linear fitting exponent values obtained in this work were nearly same with the
previous data in similar systems.

Keywords Directional solidification � Dendrite � MnS � Growth rate

Introduction

Quenching and tempering heat treatment cost can reduced during the production
process of non-quenched and tempered steel. And the sulphur-containing
Non-quenched and tempered steel are mainly used in the automobile industry,
engineering machinery, etc. The sulphur existing in the steel is mainly in form of
manganese sulphide (MnS) inclusions. As the key factors to the performance of
steel, the morphology and distribution of MnS are extensively influenced by the
precipitation behaviour of MnS [1–3]. And MnS has a positive effect in the cutting
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performance and can promote the formation of intragranular ferrite nucleation [4,
5]. Further effort is required to understand and better control the parameters
dominating the formation and variation of the MnS inclusions during the solidifi-
cation process.

The foundation of modern directional solidification and single crystal growth
techniques was established and firstly presented by Bridgman et al. [6].
Subsequently, directional solidification was widely used to prepare various structural
materials [7–9]. The process of the directional solidification will begin after the
crucible was placed on the withdrawal rod, which is consist with the process of that
in a continuous casting mould. The mode of primary dendrites in columnar zone was
regarded as a step-wise succession of localized steady state directional ones [10].
Hence, particular emphasis is placed on the study in the area of columnar zone. It has
been previously concluded that the primary dendrite arm spacing does not depend on
the composition of steel based on the research on low carbon steels [11] and medium
carbon steels [12]. And the spacing is mainly influenced by the temperature gradient
and the solid-liquid interface growth rate. In the current study, the microstructure and
precipitated MnS under various cooling rate were investigated in medium carbon,
non-quenched and tempered steel containing sulphur. And the formation of MnS
during the solidification process was calculated using the FactSage software.

Experimental Methods

Directional solidification experiments were carried out in a Bridgman furnace, as
shown in Fig. 1. The samples were machined to rods (8 mm in diameter and
100 mm in length) and cleaned in anhydrous ethanol for 15 min to ensure clean-
liness, and then the specimen was placed into the 99.99 pct pure alumina crucible.

Fig. 1 a The directional solidification furnace and b schematic of the experimental process
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The chemical compositions of samples used in present work were shown in
Table 1. The vacuum room was filled with high-pure argon to prevent the sample
from oxidation after the chamber of the equipment was vacuumized to the level of
1.0 � 10−4 Pa. The sample was transformed into molten steel entirely after heat
preservation 30 min at 1550 °C and then move downward at a constant velocity to
form directional solidification microstructure. The sample quickly moves into the
Ga-in alloy to preserve the in situ microstructure after a movement of 60 mm. The
growth rate of the solid–liquid interface was controlled by the withdrawal rod and
set as 10, 50, 100, 200 and 300 lm/s, respectively.

In order to obtain the three dimensional morphology of the concerned MnS
inclusions, the most suitable extraction solution, non-aqueous electrolyte (tetram-
ethylammonium chloride–methanol), was adopted in the current study. This solu-
tion can avoid a serious dissolution of MnS according to the comparison of different
extraction methods conducted by Janis et al. [13]. The solidification structures of
the steel samples were observed by optical microscopy (Avio Image. A2 m, Zeiss).
The processed samples were characterized by a scanning electron microscope
(SEM) combined with Energy Dispersive Spectrometer (EDS) in order to confirm
the inclusions precipitated during the solidification process. SEM images were
performed on a VEGA3 TESCAN SEM at 20 kV.

Results and Discussion

Effect of growth rate on microstructure
The morphologies of microstructures near the solid–liquid interface at different

growth rate were shown in Fig. 2. The solid–liquid interface can be clearly
observed at the end of the dendrite tips. The values of dendrite arm spacing are
mainly determined by the heat conduction at the solid–liquid interface in directional
solidification processing [14] and decrease with the increasing capability of heat
conduction. The primary dendrite arm spacing (k1) and secondary dendrite arm
spacing (k2) decreased with the increase of growth rate (V), as shown in Fig. 2f.
The microstructure evolution of steels using directional solidification was studied in
previous literatures [11, 15, 16].

A minimum square method was used to regression analysis the relationship
between secondary dendrite arm spacing (k2) and growth rate (V) through the
power function (y ¼ m� xn, m and n are constants) and the experimental values
based on the previous researches [12, 17–19]. The fitting result was expressed as
Eq. (1), and the regression coefficient of this fit is R2 = 0.989. With a view to

Table 1 Chemical compositions of specimens used in this work (wt%)

steel C Si Mn P S Al O N Cr Fe

49 MnVS 0.48 0.35 0.9 0.013 0.047 0.012 0.0015 0.007 0.2 Balance
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determining the correlation between the secondary dendritic arm spacing (k2) and
the growth rate (V), the fitted curves with experimental data were plotted in Fig. 3.
The power function Eq. (1) seems to be adequate to characterize the variations of
dendritic arm spacing with the growth rate.

k2 ¼ 472:063� V�0:376 ð1Þ

Fig. 2 Dendrite morphologies of samples in longitudinal sections with various growth rate:
a 10 lm/s; b 50 lm/s; c 100 lm/s; d 200 lm/s; e 300 lm/s; and f dendritic arm spacing
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Effect of growth rate on inclusions
Figure 4 shows the metallographic observation of the directional solidification

area under different growth rate. The three dimensional morphology of the con-
cerned inclusions after electrolysis processing was shown in Fig. 5, and the EDS
analysis indicated that the inclusions were mainly MnS particles. As presented in
Fig. 4, the mean diameter of the MnS inclusions (dMnS) were decreased with the
increasing of growth rate.

The relationship between temperature and concentration of MnS in molten steel
was calculated by the equilibrium solidification model using FactSage 7.0
(Thermfact Ltd., Montreal, Canada and GTT-Technologies, Aachen, Germany)
based on the FactPS, Ftoxid and FSstel databases [20–22], as shown in Fig. 6.
Figure 6 shows that the MnS phase precipitates rapidly in the mushy zone during
the later solidification state. Thus, the formation of the MnS inclusions was closely
related to the microstructure during the directional solidification area, especially
have a direct correlation with secondary dendrite arm spacing. Similarly, the
relationship between the mean diameter of MnS inclusions (dMnS) and the growth
rate (V) was obtained by using linear regression analysis, and the results were
given as:

dMnS ¼ 4:560� V�0:125 ð2Þ

The regression coefficient of this fit is R2 = 0.934. Figure 7 shows the variations
of the mean diameter of MnS (dMnS) with the growth rate (V), and the fitting results
verified the strongly relationship between dMnS and V.

Fig. 3 The relationship
between the secondary
dendrite arm spacing and the
growth rate
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Fig. 4 Metallographic observation of the directional solidification area under different growth
rate: a 10 lm/s; b 50 lm/s; c 100 lm/s; d 200 lm/s; e 300 lm/s; and f mean diameter of MnS
inclusions
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Fig. 5 Morphologies of typical inclusions with EDS analysis

Fig. 6 Phase transformation and MnS precipitation of 49 MnVS steel calculated by FactSage 7.0
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Conclusions

The dependency of dendrite arm spacing (k) and mean diameter of precipitated
MnS (dMnS) on the interface growth rate (V) of directionally solidified 49MnVS
steel was investigated in current work. The dendrites were obtained by using the
directional solidification experimental. The MnS particles were precipitated grad-
ually in the residual liquid phase during the later state of the 49MnVS solidification.
The values of primary (k1) and secondary (k2) dendrite arm spacing and mean
diameter of precipitated MnS (dMnS) were decreased with the increase of growth
rate (V). The relationships between k2 with dMnS and V were given by the math-
ematical expressions as: k2 ¼ 472:063� V�0:376; dMnS ¼ 4:560� V�0:125.
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Development of Offshore Steel for High
Heat Input Welding

Xiaodong Ma, Peng Zhang, Tingliang Dong, Feng Wang
and Baojun Zhao

Abstract To reduce the construction cost and period of steel structure,
high-efficiency welding methods applying high heat input have been widely
employed. However, deterioration of the strength and toughness, especially
low-temperature impact toughness, due to the coarse grains in the heat-affected
zone (HAZ) of weld steels often comes along with high heat input welding. Thick
offshore steel has been developed by Ti deoxidization for the use of high heat input
welding. The inclusions of the steel were analysed by EPMA and SEM, and the
major inclusions were identified to be Al2O3-(MgO) and Al2O3-CaO-(TiO2) types.
The steel plates with different thickness over 40 mm were welded with heat input
over 100 kJ/cm, and Charpy impact energies of the welding joints at −40 °C were
over 75 J. The nano-sized TiN particles in HAZ were observed and were consid-
ered to retard the grain coarsening in the HAZ during high heat input welding.

Keywords Offshore steel � High heat input welding � Heat-affected zone �
Inclusions

Introduction

The demands of thick steel plates are increasingly used in shipbuilding, architectural
construction, offshore structure and pipelines. To reduce the construction cost and
period of steel structure, high-efficiency welding techniques with high heat input
normally over 50 kJ/cm have been widely employed. However, deterioration of the
strength and toughness, especially low-temperature impact toughness, due to the
coarse grains in the heat-affected zone (HAZ) of the weld steels often occurs with
high heat input welding. Those offshore engineering structures, ships and pipelines
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have high requirements for the weldability and mechanical properties of the weld
joints. To improve the HAZ toughness of high heat input welding joints, oxide
metallurgy technology has been developed by employing the fine inclusion particles
to control the microstructure of HAZ. [1, 2] The concept of oxide metallurgy not
only included the utilization of oxide inclusions, but also extended to use nitride,
sulphide and carbide particles. Basically, the inclusions or particles took effect in
either pinning at the austenite grain boundary to suppress the grain coarsening at
elevated temperatures or being a nucleate site of acicular ferrite growth during
austenite-ferrite transformation. [3–5] This study will focus on the development of
offshore steel by Ti deoxidation for high heat input welding, as well as illustrating
the mechanism of improving HAZ toughness after high heat input welding.

Experimental

The samples employed in this study were as-received industrial EH40 thick plates.
The manufacturing process of thick plates was featured by “BF ! Convertor !
LF ! VD ! CC ! Hot Rolling ! TMCP ! Plates”. The chemical composi-
tion of the EH40 steel is shown in Table 1. The yield strength of EH40 steel is over
450 MPa, which is usually used for the construction of a ship hull. High heat input
welding was applied to weld the EH40 thick plates with a thickness of 40, 50, 80
and 100 mm, respectively. The 40 mm plate was welded by electro-gas welding
with a heat input of 300 kJ/cm. The plates with a thickness of 50, 80 and 100 mm
were welded by flux copper backing submerged arc welding with a heat input of
100 kJ/cm. The Charpy impact energy of welding joints was above 75 J at −40 °C
impact test. The microstructures of welding joints were examined by OM and SEM
after grinding, polishing and etching of 2% Nital solution. The inclusions in the
steel samples were measured by EPMA. The TEM specimens were prepared by
FIB-SEM. The second phase particles of welding joints were analysed by TEM.

Results and Discussion

1. Inclusions in the EH40 Steel

The inclusions in the EH40 steel by Ti deoxidation were analysed by EPMA.
The inclusions were classified by their major oxide components. The types of

Table 1 The chemical composition of EH40 steel (wt%)

C Si Mn P S V Ni N Ti Cr Mo Cu Ceq

0.06 0.14 1.39 0.006 0.005 0.002 0.11 0.0041 0.016 0.04 0.07 0.01 0.32

Ceq = C + Mn/6 + (Cr + Mo + V)/5 + (Cu + Ni)/15
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inclusions are shown in Fig. 1. The number density of total inclusions larger than
1 lm is around 67 inclusions/cm2. The number proportion and size of each type of
inclusion are shown in Fig. 2 and Table 2. The major inclusions are Al2O3-MgO
and Al2O3-CaO-TiO2 inclusions, which account for 80% of total inclusions. The
compositions of Al2O3-MgO-(CaO) and Al2O3-CaO-TiO2 are normalized and
plotted in Fig. 3. The formation of major inclusions can be explained by the fol-
lowing reactions taking place in molten steel during Ti deoxidation.

Fig. 1 Different types of inclusions in the steels. a Al2O3, b Al2O3-MgO, c Al2O3-CaO-“TiO2”,
d Al2O3-CaO, e Al2O3-CaO-SiO2-“TiO2”
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Table 2 The size range of different inclusions

Inclusion
type

Al2O3 Al2O3-
MgO

Al2O3-
CaO

Al2O3-
CaO-SiO2

Al2O3-
CaO-TiO2

Al2O3-
CaO-SiO2-TiO2

Size (lm) 3.7–8.2 2.8-11.4 3.6–7.2 4.3–4.5 3.0–8.1 4.2–41.6

Fig. 3 Composition distribution of a Al2O3-MgO-(CaO) and b Al2O3-CaO-TiO2 inclusions

Fig. 4 Stability diagram of inclusions at 1600 °C
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Al½ � þ O½ � ! Al2O3 + MgO ! Al2O3 - MgO ð1Þ

Al½ � + SiO2 in inclusion ! Si½ � + Al2O3 in inclusion ð2Þ

Ti½ � + SiO2 in inclusion ! Si½ � + TiO2 in inclusion ð3Þ

FactSage software was used to calculate the inclusion stability with the ther-
modynamic databases to steelmaking processes [6]. The inclusion diagram of EH40
steel at 1600 °C is calculated and shown in Fig. 4. It can be seen from Fig. 4 that
the Al2O3 inclusion is stable at a very low level of dissolved Al in molten steel. Al
is usually introduced into the steel through ferroalloys. TiOx inclusion is not
thermodynamically stable when a trace amount of dissolved Al is present.

2. Microstructures of Welding Joints after High Heat Input Welding

The microstructures of FCB welded joint were observed by OM and shown in
Fig. 5. The typical structure of weld joint consists of a base metal (BM),
heat-affected zone (HAZ) and weld metal (WM). The HAZ mainly consists of
acicular ferrites (AF), bainites (B) and grain boundary ferrites (GBF). The average
grain size from base metal to weld metal of weld joints is shown in Fig. 6. The
grain sizes were coarsened in HAZ, and they increased with increasing heat input
energy of welding. For the same heat input of welding, the average grain size of
welding joints was similar among different thickness plates.

(b)(a)

(d)(c)

ZAHMB

HAZ 

WM WM 

FL 

GBF 

AF 

B 

Fig. 5 Microstructures of FCB welded joint of 50 mm thickness and 100 kJ/cm heat input a base
metal, b HAZ, c fusion line (FL), d weld metal
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3. Second Phase Particles of Welding Joints

The effect of inclusions on the transformation of acicular ferrite was observed.
Figure 7 shows the ferrite morphologies on the inclusions. In Fig. 7a, the TiO2-
MnO-Al2O3 inclusion worked as an active nucleate site of acicular ferrite, while the
Al2O3 was an inert inclusion for the nucleate site of acicular ferrite in Fig. 7c.
However, it was noted that the number density of active inclusions for acicular
ferrite growth is very low, so the contribution of inclusions to the improvement of
HAZ toughness was limited.
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Fig. 7 Microstructures of HAZ (a), (c) and EDS of inclusions (b), (d)
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To clarify the mechanism of HAZ toughness improvement after high heat input
welding, the fine second phase particles of HAZ were analysed by TEM. Figure 8
shows the distribution of fine (Ti, Nb)N particles. In order to minimize the coarse
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Fig. 8 Nano-sized particles in HAZ (a), (b) and EDS of the particles (c), (d)
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grain region after high heat input welding, it was necessary to control austenite
grain growth at high temperature. Nitrides, which were stable at elevated temper-
atures, were generally used to control the austenite grain growth. FactSage calcu-
lation shows the precipitation of TiN above 1400 °C in the Fig. 9, which was closed
to the peak temperature of HAZ during the high heat input welding. Therefore, the
nano-sized TiN particles in HAZ are considered to retard the grain coarsening in the
HAZ during high heat input welding.

Conclusions

The EH40 offshore steels have been developed for the application of high heat input
welding, with the excellent low-temperature impact toughness. The inclusions
present in the steels were mainly Al2O3-MgO and Al2O3-CaO-TiO2. Ti element
was found to be present as nitride particles and Al2O3-CaO-TiO2 inclusions. The
nano-sized TiN particles in HAZ were observed and were considered to retard the
grain coarsening in the HAZ during high heat input welding.
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Slag Basicity: What Does It Mean?

G. A. Brooks, M. M. Hasan and M. A. Rhamdhani

Abstract The concept of “basicity” has been central to our understanding of slag
chemistry for many decades. Traditionally, basicity has been connected to the level
of networking present in a slag, acid slags having a great deal of networking and
basic slag having less networking. Qualitatively, this approach provides quite
reasonable explanations to the viscosity of slags, their general interaction with
refractories and their ability to dissolve oxidised elements from the metal/matte
phase. Various quantitative measures of basicity have been proposed, such as
optical basicity and the NBO/T ratio, and there have some successful attempts to
link these measurements to important properties. However, in general, these mea-
sures have not been successfully linked to common thermodynamic relationships
(other than empirically) or direct measurements from the plant. In industry, weight
ratio’s and empirical relationships dominate the control logic of the metallurgical
processes. In this paper, we will review what is the current state of knowledge of
“basicity”, recent research into connecting NBO/T ratios to quantitative measure-
ments and thermodynamic quantities and propose a way forward towards a more
rigorous and useful understanding of “basicity”.

Keywords Basicity � Slag chemistry � Slag structure � Slag properties

Introduction

It is well understood in pyrometallurgy that tight control of slag chemistry is critical
to controlling metal chemistry, providing process stability, increasing refractory life
and often, improving productivity of the process. One of the most famous examples
of the importance of controlling slag chemistry was the development of the use of
lime-based refractories in the Bessemer process by Gilchrist and Thomas in the
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early 1880s [1]. The underlying principle of that development was the idea that by
adding a “basic” oxide (CaO) into the system would stabilise an “acid” oxide
impurity (P2O5) in the slag phase and limit the presence of the impurity in the metal.
This idea is extended to the choice of refractories for a process; a “basic” refractory
will have limited reaction with a “basic” slag but will dissolve readily into an “acid”
slag.

However, in slag chemistry literatures, whilst the concept of “basicity” is much
referred to, the definitions provided are often quite qualitative and difficult to directly
relate to measurements and thermodynamic calculations. Some quantitative defini-
tions have put forward, such as “V” ratios and optical basicity, but these quantities
have obvious weaknesses and can only be connected to thermodynamics via
empirical relationships [2–6]. Rosenqvist was pessimistic when he stated “Thus, an
absolute measure of slag basicity does not exist and we cannot compare the basicity
of an oxide with that of another on an absolute scale” [5]. In this paper, some of the
central concepts of “slag basicity” will be examined, particularly, recent attempts to
link ratios of bonding types (NBO/T) to quantitative measurements (FTIR and
Raman spectroscopy) to properties and thermodynamic descriptions of slags.

Concepts of Acid and Base

The idea that some fluids are acid and others are base is an ancient idea relating to
observations about how different fluids react, smell and taste [7]. For much of
human history, chemistry developed as a practical art and the theoretical basis was
tied up with philosophical and metaphysical descriptions of nature [8]. Arrhenius
provided the first rigorous definition of acid and basic solution in 1884. In his
definition, the addition of an acid compound to water would increase the concen-
tration of H+ ions in the water, whereas a basic compound would increase the
concentration of OH− ions in the solutions [7]. For example, when HCl and NaOH
are dissolved into water, the following reactions occur:

HClðaqÞ = Hþ
ðaqÞ + Cl�ðaqÞ ð1Þ

NaOHðaqÞ = NaþðaqÞ + OH�
ðaqÞ ð2Þ

These two can react to neutralise each other and, in an aqueous environment,
produce water and a salt (NaCl). We now understand that acidity in aqueous solutions
is connected to the concentration of H3O

+ ions, as protons are not stable in solution,
but it is still common to refer to “H+” concentration, such as in the definition of pH, in
describing acids. Arrhenius’s concept was expanded to a more general definition by
Bronsted and Lowry in 1923, where they defined an acid as a proton donor and base
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compound as a proton acceptor. For example, the reaction between hydrochloric acid
and ammonia to form a salt can take place in an aqueous environment (as per
Arrhenius’s definition) but also in other solvents (e.g. benzene) [7]:

H3Oþ
ðaqÞ + Cl�ðaqÞ + NH3 = Cl�ðaqÞ + NH4þ

ðaqÞ + H2O ð3Þ

HClðbenzeneÞ + NH3ðbenzeneÞ = NH4ClðsÞ ð4Þ

Lewis provided an alternative definition of an acid in 1932, as an electron-pair
acceptor. In this definition, reaction (3) involves the oxygen atom in H3O

+

accepting an electron pair in reaction with a base compound (electron donor).
Bronsted and Lowry’s definition is what is generally used in chemistry today, but
the term “Lewis acid” is reserved for compounds that can accept a pair of electrons
but do not contain ionisable hydrogen.

Acidic and Basic Oxides

Solid oxides are well known to react with solutions and their behaviour can be used
classified using the concepts of acids and bases developed from aqueous chemistry.
For example, phosphorous oxides react readily with water to form an acid:

P4O6 + 6 H2O = 4 H3PO4 ð5Þ

In this situation, the acid oxide is behaving like an Arrhenius acid (providing H+

ions from the dissolution of acid product in water). Basic oxides form hydroxide
compounds (e.g. sodium oxide reacts with water to form sodium hydroxide). Acid
oxides are formed from non-metals reacting with oxygen, and basic oxides are
formed from the oxidation of metals, with oxides formed from alkali metals and
alkali earth metals being the most basic. [9] Some elements, such as aluminium,
form an oxide that can behave like acidic or basic in solution, and this behaviour is
termed “amphoteric” in oxide chemistry, a term also used to slag chemistry. This
concept of acid and basic solid oxides is loosely connected to the concept of acidity
and basicity used in slag chemistry. The solid-state version of acid/base relationship
refers to a reaction between a solid and an aqueous environment, where the molten
oxide concept relates to bonding and structural changes in the molten state.

Basicity in Slag Chemistry

In 1947, Flood and Forland related this concept of acid and basic oxides to slag
behaviour [10]. They built on earlier work by Lux [11] in defining basic and acid
oxides in terms of exchanging the O2− ion, expressing the key reactions as:
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Base = Acid + O2� ð6Þ

This definition cannot be directly related to Bronsted and Lowry’s definitions of
acid and base, and Flood and Forland described the connection as being by
“analogy”. Providing the following examples:

SiO4�
4 = SiO2�

3 + O2� ð7Þ

SiO2�
3 = SiO2 + O2� ð8Þ

CaO = Ca2þ + O2� ð9Þ

Flood and Forland than argued that adding an oxygen ion (donated from a basic
oxide) cause bridged two silicon ions (an “acid”) to break down into its corre-
sponding base, expressed as:

..

.
Si� O2� � Si..

.þO2� ! 2 ..
.
Si� O2�

� �
ð10Þ

In our modern understanding of this reaction, the introduction of a base has
broken down the network of the acid silica structure, but modern slag chemists
would not refer to the smaller silica network structure as “basic”. This concept of
basicity is linked to the ionic model of slags, which was developed later into a
general treatment of slag metal equilibria by Flood and Grojtherm [12]. In this
model of a molten slag, “O2−” ions have an activity within the melt, which is a
troubling idea, as no such entity exists within molten oxides [13].

The concept of acid oxides as “network formers” and basic oxides as “network
breakers”, formulated by Richardson [14] around the same period of Flood and
Forland’s paper, had the following central tenements:

• Acid oxides in slags behave as network formers and formed from oxide species
where covalent bonding dominates over ionic bonding (i.e. the elements
bonding with oxygen have a high Pauling electronegativity).

• Basic oxides in slags behave as network breakers and formed from oxide species
where ionic bonding dominates over covalent bonding (i.e. the elements
bonding with oxygen have a low Pauling electronegativity).

• As a result, acid oxides tend to form highly viscous oxide melts and the addition
of basic oxides tends to lower the viscosity of an acid melt, through breakdown
of the network structure, as shown schematically in Fig. 1.

This approach to slag basicity successfully connects chemical behaviour (CaO
stabilising P in a slag) with bonding at the molecular level and physical properties.
The key elements of the theory are broadly consistent with observed data, namely
(i) the addition of basic components to an acid slag will lower the viscosity and
(ii) basic oxides will readily dissolve into acid oxides and vice versa. The
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underlying principle is that acid oxides are predominately covalently bonded and
basic oxides are dominated by ionic bonding. This concept is simple to understand
and conceptually elegant but leaves some critical questions, namely:

• What is the correct quantitative measure of basicity using these concepts? One
candidate is molar ratios, but this would need some modification to reflect
different “strengths” of the acid and basic components. Another candidate would
be a measure of networking in the melt. How could this be measured and what
scale should be used?

• The degree of polymerisation of a slag is also a function of temperature and
concentration of species. Can the effects of temperature and concentration on
networking in the molten slag be quantitatively linked to a measure of basicity?

• How is this definition of basicity linked to chemical thermodynamics? Can the
basicity of a slag be mathematically related to thermodynamic quantities such as
Gibbs free energy and activity?

• Can this approach describe quantitatively the amphoteric nature of some oxides?
There is experimental evidence that some oxides (notably alumina) behave as an
acid in certain slags but can behave as a basic oxide. In this theoretical structure,
there is no apparent quantitative approach to predicting these changes in
chemical behaviour.

There have been numerous studies to address these issues and some progress has
been made but a widely accepted quantitative measurement of basicity based on the

Fig. 1 Schematic representation of the change in a slag structure when the concentration of
network breakers (basic oxides species) is added to a silica-rich melt and the network structure is
broken down [6]
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“network former/network breaker” theoretical approach has not emerged. In
industry, weight ratios of basic components over acid components are extensively
expressed as basicity and much of the slag literature listing properties (viscosity,
activity of species, partitioning of particular element in equilibrium between a metal
and slag) is listed against weight ratios. Some attempts have been made to include
factors to compensate for the different “strengths” of oxide components. For
example, Turkdogan [6] provides five different definitions of basicity for steel-
making, all based on weight ratios. None of these definitions can deal with the
issues identified above and are in essence empirical definitions of basicity that
provide some guidance to operators.

There have been also various attempts to relate basicity with other characteristics
of the oxide that should relate to the level of networking associated with a particular
oxide. [3, 13] Some of these values are provided in Table 1 for comparison. The
quantities compared are: (a) ionic bond fraction—a measure of how much of the
bond between the cation and oxygen ion is ionic based on calculation using the
Pauling Electronegativity of the two ions [3]; (b) ion-oxygen attraction (z/a2)—a
numerical calculation to identify the electrostatic bond strength and to relate ba-
sicity with it. Here, ‘z’ is the cationic charge and ‘a’ is the sum of the ionic radii of
the ions [13]; and (c) optical basicity—which is based on physical measurements
involving absorption of light to determine the average negative charge borne by the
oxygen atoms (charges varies due to electronegativity differences and delocaliza-
tion effects) [1].

These approaches are more sophisticated than weight rations, and in the case of
optical basicity, a body of literature have been generated that relates optical basicity

Table 1 Properties associated common slag components and various measures of basicity [3, 13]

Oxide Ionic
bond
fraction
[3]

Ion-oxygen
attraction,
Z/a2 [3]

Optical basicity
(Pauling
Electronegativity)
[13]

Optical
basicity
(electron
density) [13]

Character of
oxide [3]

Na2O 0.65 0.18 1.15 1.1 Basic

BaO 0.65 0.27 1.15 1.08

SrO 0.61 0.32 1.07 1.04

CaO 0.61 0.35 1 1

MnO 0.54 0.42 0.59 0.95 Intermediate

FeO 0.47 0.44 0.51 0.93

MgO 0.44 0.69 0.78 0.92

Cr2O3 0.41 0.75 0.55 0.69

Fe2O3 0.41 0.75 0.48 0.69

Al2O3 0.38 0.83 0.605 0.68

TiO2 0.36 0.93 0.61 0.64

SiO2 0.36 1.22 0.48 0.47 Acidic

P2O5 0.28 1.66 0.4 0.38
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(normally calculated from electronegativity values) to important slag properties and
chemical behaviours [15–18]. However, whilst optical basicity can provide useful
empirical correlations (e.g. sulphide capacity of ladle slags [13]), these values have
not been successfully linked to fundamental thermodynamics or measurements in
the molten state. Wagner also proposed measuring basicity as a ratio of carbonate
capacity over a reference carbonate capacity [19]. This approach has the challenge
of connecting basicity to thermodynamics but includes quantities not easy to
measure or link to structural units.

Structural Studies of Silicates

In progress to the search of basicity in a quantitative fashion, it was not possible
until the discovery of Raman spectroscopy in 1928. In the early stages of the
development of the technique, the field was dominated by glass researchers
studying the different Raman signals of simple alkali silicate systems. In the 1980s,
geologists progressed with the measurement of the vibrational characteristics of
molten alkaline earth-silicate systems [20]. They assumed that silicate melt to
consist of bulk NBO/Si (non-bridging oxygen per silicon atom) ratio for the melt
[NBO/Si = (2 � O − 4 � Si)/Si, between 4 (orthosilicate) and 0 (tectosilicate)]. It
was clear that the abundance ratio of low NBO/Si units (2 to 1) decreases with
increasing ionization potential of the metal ions. They also identified the NBO/Si
ratio as a measure of the degree of polymerisation of the melt, which was later
widely expressed as NBO/T (non-bridging oxygen per SiO4 tetrahedra). In 1982,
Mysen’s group deconvoluted Raman spectra to quantify the different structural
units of silicate melts [20]. They successfully characterised the vibrational modes of
the different silicate units with respect to NBO/T, as listed in Table 2.

Mysen et al. [20] also expressed the equilibrium of the anionic structural units
with a number of disproportion reactions at different range of NBO/Si ratio
(Eq. 11–13).

For melts with NBO/Si � 2:

2Si2O6�
7 $ Si2O8�

8 þ Si2O4�
6 ð11Þ

Table 2 Raman frequency characterisation related to specific silicon anionic structural units [20]

Structural unit NBO/T Frequency (cm−1) Characteristics of the vibrational mode

Si2O8
8− 4 850–870 s, p; symmetrical stretch

Si2O7
6− 3 3905–920 s, p; symmetrical stretch

Si2O6
4− 2 2970–950 s, p; symmetrical stretch

Si2O5
2− 1 1050–1100 s, p; symmetrical stretch

Si2O4
0 0 1065, 1200 vw, dp; antisymmetrical stretch
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For melts with 2 ˃ NBO/Si � 1:

3Si2O4�
6 $ Si2O8�

8 þ 2Si2O2�
5 ð12Þ

For melts with NBO/Si ˂ 1:

2Si2O2�
5 $ Si2O4�

6 þ Si2O0
4 ð13Þ

Jong and Schramm [21] used magic angle spinning nuclear magnetic resonance
(MAS-NMR) to study the local structure of Li2O-SiO2 glass system. They suc-
cessfully expressed the abundance of different anionic structural units in the system
and the evolution of the structure with adding Li2O. They suggested the Qm dis-
tribution theory, the representation of the structure in terms of the number of
bridging oxygen present per tetrahedral unit (later this was expressed as Qn, and
here, n is the number of bridging oxygen, ranging from 0 to 4). Some researchers
expressed the structure of silicates in terms of the number of O0 (bridging oxygen),
O− (non-bridging oxygen) and O2− (free oxygen) present in the melt. The reaction
of metal oxide with silicates using this nomenclature is shown in Eq. 14.

Si� O0 � Si
� �þM2þ þO2� ¼ Si� O�ð Þ. . .M2þ . . . Si� O�ð Þ ð14Þ

It is possible to calculate the bulk bridging oxygen (BO) or NBO/T from the
different Q units using Eqs. 15 and 16.

NBO ¼ 4� BO ð15Þ

BO ¼ 0� Q0� �þ 1� Q1� �þ 2� Q2� �þ 3� Q3� �þ 4� Q4� � ð16Þ

Along with diffraction (electron, x-ray and neutron) technique, Raman, FTIR
and NMR spectroscopes, X-ray photoluminescence spectroscope (XPS), X-ray
absorption fine structure (XAFS), X-ray absorption near edge structure (XANES)
and Mossbauer spectra have also been used by different researchers to study the
structure of silicates [22–25]. The use of different techniques sometime gives
complimentary information that can be used to understand the structure in a better
way. For instance, Mossbauer and XPS spectroscopy can provide information about
valence state and the coordination environment of different iron species in the
silicates. FTIR spectroscopy is sensitive to hetero-nuclear functional group
(asymmetric bonds) vibrations and polar bonds, and Raman is sensitive to
homo-nuclear molecular bonds (symmetric bonds). Both Raman and FTIR tech-
niques have been used in a complimentarily way to study bond length, bond angle
and ratio of different structural units of different bonds.

Mysen and co-workers calculated the abundance pattern of different anionic
structural units depending on the bulk NBO/T for different systems [26]. Mysen and
co-workers determined the relative abundance of different structural units as a
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function of percentage silica in melt, as shown in Fig. 2 [27]. Essentially, the
demonstrated how networking changes with composition in an idealised acid basic
slag.

Slag Structure Relationship to Physical Properties/
Thermodynamics

A number of researchers have related Raman and FTIR studies of slag structures
with physical properties [28–32]. Min et al. [28] established a relation between
viscosity with the NBO/T of different silicate slag systems, as shown in Fig. 3. The
strength of this structural model is the ability to correlate NBO/T with viscosity for

Fig. 2 Abundance of
different structural units as a
function of percentage silica
in Na2O-SiO2 melt. Solid
lines are the thermodynamic
properties for melt species
obtained by fitting phase
equilibria and dotted lines are
the experimentally measured
values [27]

Fig. 3 Effect of NBO/T on
the viscosity of metallurgical
slag systems [28]
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the silicate melts containing amphoteric oxides. For instance, the addition of Al2O3

(up to 10 wt%) in CaO-SiO2 slag was found to increase the melt’s viscosity [29] but
further addition decreased the viscosity. These measurements could be explained in
terms of structural view of silicate slags. Park and Min [30] successfully related the
foaming index of the silicate slags with NBO/T in an empirical equation. Maroufi
et al. [31] also studied the diffusivity of SiO2 in silicomanganese slag and CaO in
aluminosilicate slag as functions of the NBO/T ratio.

All these researches found relationships between physical properties of the sil-
icate systems and the structure defined in terms of NBO/T. According to Mills [32],
the introduction of various network breaking oxides causes to the formation of
smaller units resulting in depolymerisation of the silicate structure. For a specific
mole fraction of metal oxide, the overall degree of polymerisation may remain
constant; however, the proportion of various units may vary. This suggests that
describing the structure of silicates in terms of different fractions of Qn rather than
NBO/T could be more useful in understanding the properties and thermodynamics
of the slag.

Geologists have correlated the partitioning of different elements in melt and
minerals with NBO/T measurements [26]. Recently, Shuva et al. [33, 34] attempted
to correlate the equilibrium distribution ratio of germanium and palladium in slag
and metal with optical basicity. Using linear regression analysis, semi-empirical
equations were developed to relate process parameters (temperature and partial
pressure of oxygen) and the equilibrium distribution ratio with structure of slag
(degree of polymerisation, expressed as Q3/Q2) [35]. The next step would be to
form thermodynamic relationships for each reaction involving different Q species
and the cation being partitioned between the metal and the slag. This would result in
three to four equilibrium equations to describe partitioning in a specific system.
Apart from theoretical complications with developing these relationships (e.g. what
activity would each complex have in the melt?), whether such calculations could be
successfully used in practice by operators remains to be established. In principle,
FTIR measurements from the plant could be directly related to a thermodynamic
calculation using such an approach and this would provide a more rigorous
understanding of basicity.

Conclusions

Historically, the definition of basicity of oxides has evolved with time. The net-
working forming/breaking model developed in the 1950s provides a good quali-
tative explanation for the behaviour of slags but is difficult to relate in a quantitative
way to measurements and thermodynamic relationships. In more recent times,
Raman and FTIR measurements of slag structures and determination of structural
parameter, such as NBO/T and the degree of polymerisation (Q3/Q2), suggest
that more rigorous definitions of basicity that link structure, properties and
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thermodynamics are emerging. Further work is required to quantify the thermo-
dynamic relationships using this approach and demonstrate the practical usefulness
of these techniques in industry.
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Investigation on Clogging of Submerged
Entry Nozzles for GCr15 Bearing Steels

Gong Cheng, Lifeng Zhang, Wenbo Wang, Qiangqiang Wang
and Piotr Roman Scheller

Abstract Clogging of submerged entry nozzles for GCr15 bearing steels has been
investigated by industrial experiments coupled with mathematical simulations. It was
found that clogs on the submerged entry nozzle with four ports were mainly
CaO-MgO-Al2O3 inclusions with the size of 2–6 lm, which cannot be avoided by
removal of inclusions from the liquid steel. Cathodoluminescencemicroscopywas also
applied for the characterisation of submerged entry nozzle clogging. Mathematical
simulations were carried out to predict the main clogging location at the submerged
entry nozzle with different types. The results showed that the percentage of inclusions
entrapped on the cylindrical submerged entry nozzle and four-port one was 39.7 and
46.5%, respectively. It indicated that the cylindrical submerged entry nozzle helped
reduce the probability of submerged entry nozzle clogging and was beneficial for the
improvement of the fatigue property of bearing steels.

Keywords Inclusion � Clogging � Mathematical simulation

Introduction

Since the demand of high-quality steel increases year by year, enhancing cleanli-
ness is always one of the main tasks of steelmakers [1–4]. Aluminum as the
deoxidizer is widely used to improve cleanliness of the molten steel. The molten

G. Cheng � L. Zhang (&) � W. Wang � P. R. Scheller
School of Metallurgical and Ecological Engineering, University of Science
and Technology Beijing (USTB), Beijing 100083, China
e-mail: zhanglifeng@ustb.edu.cn

G. Cheng � L. Zhang � W. Wang
Beijing Key Laboratory of Green Recycling and Extraction of Metal,
University of Science &Technology Beijing, Beijing 100083, China

Q. Wang
College of Materials Science and Engineering, Chongqing University,
Chongqing 400044, China

© The Minerals, Metals & Materials Society 2019
T. Jiang et al. (eds.), 10th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-05955-2_29

309

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_29&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_29&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_29&amp;domain=pdf
mailto:zhanglifeng@ustb.edu.cn
https://doi.org/10.1007/978-3-030-05955-2_29


steel flows into the mould through the submerged nozzle entry (SEN) during
continuous casting, and high melting point inclusions in the molten steel, such as
Al2O3 and spinel [3, 5–7], tend to accumulate on the inner wall of the nozzle,
causing partial or complete blockage of SEN. SEN clogging would change the flow
pattern of the molten steel at the outlet of the nozzle, resulting in the partial flow of
the molten steel flowing out of SEN, which could induce the defect of the surface
quality of the slab and cause the leakage of steel. The drop of blockage during
casting is also one of main sources of large inclusions. The origin of clogs on the
SEN has not yet been determined, and there are some main standpoints [8–10]. The
viewpoint that Al2O3 inclusions and other deoxidation products are the main origin
of clogs has been gained more and more consensus. For some steel grades, calcium
treatment is extensively applied to modify Al2O3 inclusions [11–15]. Calcium
adding in the molten steel could modify oxide inclusions, desulfurize and control
shape of sulfide inclusions. But calcium treatment is prohibited for bearing steels
because large-size globular calcium aluminate inclusions are most detrimental to
bearing steels due to their size. Control of inclusions in bearing steels affecting
rolling contact fatigue life has attracted much attention. But less attention has been
paid to clogging of SEN for GCr15 bearing steels.

In the current work, an experimental investigation on clogging of SEN was
carried out. And mathematical simulations about the effect of SEN type on clogging
were also performed, in order to reduce the blockage of SEN.

Experimental Procedure

The production process of GCr15 bearing steels is EAF, LF refining, vacuum
degassing, CC. Five samples were taken from different locations of the four-port
type SEN, including near the slag line (sample 1), 40 mm below the slag line
(sample 2), 40 mm above the outlet (sample 3), near the outlet (sample 4), and at
the bottom of SEN (sample 5), as shown in Fig. 1. These samples were detected
by the field emission electron microscope to observe the morphology, size and
chemical compositions of clogs on the SEN. Another sample below the slag line
was mounted in epoxy resin, ground with 320- and 800-grit SiC paper, the
section perpendicular to SEN inner of which was analysed by cathodolumines-
cence microscopy (CLM) coupled with ASPEX Explorer to investigate clogging
layers.

Besides, mathematical simulations about different type SEN were executed by
Fluent 14.0 to predict the main clogging location at SEN. Parameters for the
mathematical simulation of four-port SEN are shown in Table 1. Main parameters
for the mathematical simulation of cylindrical SEN are the same as that of
four-port SEN.
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Results and Discussion

High-resolution field emission electron microscope was utilised to observe
three-dimensional morphologies of clogs on the SEN, and photographs of the clog
morphologies at five locations are presented in Fig. 2. In general, the clogs were
coral-like and consisted of many polygonal particles that bonded to form clusters.
Especially, the clogs on the outer wall of the outlet were denser and comprised of
rod-like particles. Twenty particles at each of the five locations (100 particles in
total) were randomly selected. The particles were mainly 2–6 lm inclusions of

Table 1 Main parameters for the mathematical simulation

Parameter Value Parameter Value

SEN type Four ports Inlet velocity 0.8209 m/s

SEN bore diameter 45 mm Inlet turbulent kinetic energy 0.0038 m2/s2

SEN outer diameter 80 mm Inlet turbulent energy
dissipation rate

0.0536 m2/s3

Total nozzle length 900 mm Density of molten steel 7020 kg/m3

Port angle 15º down Viscosity of molten steel 0.0067 kg/(m s)

Port width � height 35 mm � 30 mm Gravitational acceleration 9.81 m/s2

Bloom cross section 480 mm � 320 mm Casting speed 0.51 m/min

Fig. 1 Sample schematic
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(a) Near the slag line

(b) 40 mm below the slag line

(c) 40 mm above the outlet

(d) Near the outlet

(e) At the bottom of the SEN

Fig. 2 Morphology of clogs on the SEN at five locations
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CaO-MgO-Al2O3. The compositions of clogging materials and inclusions in the
molten steel in the tundish are shown in Fig. 3. Clogs at the slag line were
CaO-Al2O3-MgO inclusions, containing about 7 mass% SiO2 and 8 mass% Na2O.
Forty millimetre below the slag line, MgO�Al2O3-based inclusions were mainly
observed, as shown in Fig. 2b. Clogs above the outlet were CaO-Al2O3-MgO
inclusions, containing about 9 mass% SiO2. On the outer wall of the outlet, clogs
were CaO-Al2O3-MgO-SiO2 inclusions with about 5 mass% Na2O, which origi-
nated from the mould flux. High Na2O inclusions were also detected on the outer
wall of the outlet, as shown in Fig. 2d. As shown in Fig. 3b, inclusions in the
molten steel in the tundish were CaO-Al2O3-MgO and MgO�Al2O3, which were
mainly smaller than 6 lm. The composition of clogging materials was also similar
to inclusions in the molten steel, indicating that clogging materials were from the
molten steel in the tundish.

Inclusion composition governs the mode of removal. The contact angle of Al2O3

and MgO�Al2O3 inclusions is far larger than that of CaO-Al2O3-(MgO) inclusions
[16–18]; thus, it is relatively difficult to remove CaO-Al2O3-(MgO) inclusions. In
particular, it is relatively easy for solid CaO-Al2O3-(MgO) inclusions to cause SEN
clogging. Large-size globular calcium aluminate inclusions are detrimental to
rolling contact fatigue life. Therefore, the key point for GCr15 bearing steels is to
reduce CaO content in inclusions and restrain the transformation of spinel or alu-
mina inclusions into calcium aluminate.

Cathodoluminescence (CL) is the phenomenon by which non-metallic solids
emit cold light when bombarded by an electron beam under vacuum.
Cathodoluminescence microscopy (CLM) was applied in combination with ASPEX
Explorer. Three macro-layers from the original side to the molten steel side were
visually observed, including a decarburization layer (black), a dense inclusion layer
(grey), a loose inclusion layer (yellow), as shown in Fig. 4. Phase distribution of the
clogging SEN is shown in Fig. 5. The SEN matrix was mainly composed of Al2O3

and carbon. Under the observation of CLM, as shown in Fig. 5a, the red area
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denotes Al2O3 phase, which is the SEN matrix. The green area represents calcium
aluminate with low MgO content, and the yellow colour represents spinel phase.
According to the area of each phase, it could be concluded that the clogs were
mainly calcium aluminate with low MgO content, which was in agreement with the

Fig. 4 Three layers for the clogging materials: a decarburization layer, b dense inclusion layer,
c loose inclusion layer

Fig. 5 Phase distribution of the clogs under the observation of a CLM and b ASPEX Explorer
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observation of the field emission electron microscope. Besides, there was some
solidified steel in the layer of inclusions, which appeared black in Fig. 5a. And
under the observation of ASPEX Explorer, as shown in Fig. 5b, three macro-layers
were easily divided, except original lining side and molten steel side.

The decarburization layer was adjacent to the original SEN lining refractory.
Some holes were filled with CaO-Al2O3-(MgO) inclusions, and lots of Fe-enriched
droplet supposed to be from the frozen steel, which were black and white under the
observation of CLM and ASPEX Explorer, respectively. The original SEN lining
refractory was made up of Al2O3 and carbon with about 7 mass% SiO2. SiO and
CO gas generated due to electrochemical reaction between the molten steel and the
refractory [19], resulting in the decrease of density of the refractory. After pre-
heating SEN before casting, carbon in the refractory was burnt; thus, the inner
surface of SEN was not flat, which may promote the formation of decarburization
layer. Due to low superheat or high rate of heat loss, large-size Fe-enriched droplets
were frozen and attached to the lining wall, and then inclusions easily precipitated
or were captured on the surface of these droplets, resulting in the formation of dense
inclusion layer. According to the boundary layer theory, the speed of the molten
steel near the inner surface of SEN was close to zero. Inclusions in the molten steel
had a chance to collide with the inner wall due to the effect of turbulence and thus
be adsorbed. And the loose inclusion layer formed under the influence of the
occurrence of air absorption, capture of bubbles and inclusion attachment to
bubbles.

Mathematical simulations were carried out to predict the main clogging location
at SEN. Twenty thousand one hundred and sixty inclusions with diameter of 5 lm
were injected into SEN in the simulation. For the four-port type SEN, the molten
steel lashes against the mould after flowing out the nozzle, and then flows upward,
which can activate the meniscus and is beneficial for slagging. However, the molten
steel flows downward after flowing out the cylindrical type nozzle, and the tem-
perature at the meniscus is relatively low. Final entrapment positions of inclusions
on the SEN are presented in Fig. 6.

For the four-port type SEN, 46.5% of the total number of inclusions were
entrapped. Thirty-five percent were attached to the inner wall and 6.5% were on the
inner wall of ports. However, for the cylindrical SEN, 39.7% of the total number of
inclusions were entrapped on the SEN. Approximately 35.7% were attached to the
inner wall and 3.7% were on the outer wall of the SEN. It indicated that the
cylindrical SEN helped reduce the probability of SEN clogging and was beneficial
for the improvement of the fatigue property of bearing steels.
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Conclusions

Investigation on clogging of submerged entry nozzles for GCr15 bearing steels was
performed by experiments conducted at the industrial scale coupled with mathe-
matical simulations. The following conclusions were obtained.

(1) Clogging materials were mainly CaO-MgO-Al2O3 inclusions with the size of
2–6 lm. Three macro-layers were observed: a decarburization layer, a dense
inclusion layer and a loose inclusion layer.

(2) The percentage of inclusions entrapped on the cylindrical submerged entry
nozzle and four-port one was 39.7 and 46.5%, respectively. The cylindrical
submerged entry nozzle helped reduce the probability of submerged entry
nozzle clogging.

(3) The key point for GCr15 bearing steels is to reduce CaO content in inclusions
and restrain the transformation of spinel or alumina inclusions into calcium
aluminate.
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Fig. 6 Final entrapment positions of inclusions on the a four-port type and b cylindrical type SEN
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Effects of Electrolytic Parameters
on the Preparation of Al–Sc Master
Alloy in Na3AlF6-K3AlF6-AlF3 Melt

Kai Yang, Zhongliang Tian, Xun Hu, Yanqing Lai and Jie Li

Abstract The effects of electrolytic parameters on the content of Sc in Al–Sc
master alloy prepared by electrolysis in Na3AlF6-K3AlF6-AlF3 melt were studied. It
is observed that the content of Sc in Al–Sc master alloy increases and then
decreases with increasing the electrolysis temperature and the cathodic current
density. Under the electrolysis condition (temperature 950 °C, cathodic current
density 1.50 A cm−2 and concentration of Al2O3 1.0 wt%), the content of Sc in the
production is increased from 0.81 to 3.87 wt% as the value of the concentration
ratio of Sc2O3 to Al2O3 ([Sc2O3]/[Al2O3]) increased from 2 to 6. The analysis of
SEM indicates that the production of Al–Sc master alloy is composed of the alu-
minum and the Al3Sc. The distribution of Sc in Al–Sc master alloy is uniform.

Keywords Al–Sc master alloy � Electrolytic parameters
Na3AlF6-K3AlF6-AlF3 melt � Electrolysis

Introduction

Scandium is the best modifier for casting grain structure and the strongest
recrystallization inhibitor for semi-finished processing of aluminum alloys. If a
small amount of Sc (0.1–0.4 wt%) is introduced into the traditional aluminum
alloys, the comprehensive properties (strength, toughness, stress corrosion resis-
tance and thermal stability) of the traditional aluminum alloys can be greatly
improved [1]. Hence, the aluminum alloy-added scandium is widely used in the
aerospace, military, civilian industry and other fields [2–4]. However, because of
the large melting point difference between Sc (1541.0 °C) and Al (660.3 °C) and
the high chemical activity of the metal Sc, scandium must be added in the form of
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Al–(2.0 wt%)Sc master alloy.. Therefore, the Al–(2.0 wt%)Sc master alloy
becomes the key raw material for producing Al alloys containing Sc [5].

There are some methods to prepare the Al–Sc master alloy, including the mixing
method, the metallothermics and the molten salt electrolysis. Compared with the
other methods, the molten salt electrolysis method has obvious advantages in
preparing the Al–Sc master alloy [6–9]. Firstly, the cost of production can be
reduced because the low purity scandium oxide can be used as the cheap raw
material. Secondly, the segregation phenomenon of the Al–Sc master alloy can be
effectively avoided. In recent years, the electrolysis preparation of Al–Sc master
alloy by using the fluoride melt has attracted extensive attention [10–16]. Liu et al.
[11] prepared the Al–Sc master alloy with the Sc content of 0.44 and 0.73 wt% in
the KF-AlF3-Sc2O3 melt at the current densities of 0.50 and 1.00 A cm−2,
respectively. Yang [12] adopted the Na3AlF6-MgF2-CaF2 melt with the mole
concentration ratio of Sc2O3 to Al2O3 above 2:1 and prepared the Al–Sc master
alloy with the content of Sc more than 2.0%. However, the content of Sc in Al–Sc
master alloy prepared by the above-mentioned methods is low, because the solu-
bility of Sc-containing raw materials in the melt is limited [13, 14]. In comparison
with the other electrolyte melt, the potassium cryolite melt has the lower primary
crystallization temperature and the higher oxide solubility [6].

On the basis of the previous studies, the solubility and thermodynamic analyses
of Sc2O3 in the Na3AlF6-K3AlF6-AlF3 melt show that the Al–Sc master alloy can
be prepared by the electrolysis [15, 16]. In this work, the technological parameters
of Al–Sc master alloy prepared by electrolysis in the Na3AlF6-K3AlF6-AlF3 melt
were studied. The purpose is to provide the selection basis of the technological
parameters for preparing the Al–Sc master alloy with high Sc content and uniform
Sc distribution.

Experimental

Chemicals and Materials

The electrolyte was made of Na3AlF6, K3AlF6, AlF3, Al2O3 and Sc2O3. The
Na3AlF6, K3AlF6 and Al2O3 were used as reagent grades. The AlF3 was purified by
sublimation (99.5 wt%.). The purity of Sc2O3 was 99.99 wt%. All components
were dried at 200 °C for at least 48 h in the vacuum oven to remove the water.

Cell Design and Electrolysis Procedure

The schematic diagram of the experimental set-up is shown in Fig. 1. The graphite
crucible with corundum lining was filled with 500 g electrolyte. It was necessary to
provide the extra heat by placing the experimental cell in a vertical laboratory
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furnace which was then heated to the target temperature. The temperature of the
melt was measured with Pt/Pt-10% Rh thermocouple; the uncertainty of tempera-
ture measurement was ±1 °C. After the melting of electrolyte, the anode was
immersed into the molten salt. Then, the graphite crucible containing the melt was
quickly removed out of the furnace, and the melt with the Al–Sc master alloy liquid
at the bottom of the crucible was poured into the self-made cooling tank.

Material Characterization

The content of Sc in the master alloy was analysed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). The microstructure of the master
alloy sample was characterized by scanning electron microscopy (SEM,
JSM-5600LV), and the sample composition was analysed by energy disperse
spectroscopy (EDS, GENESIS).

Results and Discussion

Electrolysis Temperature

As shown in Fig. 2, the content of Sc in the alloy obtained at the cathode increased
and then decreased with the electrolysis temperature increasing from 940 to 970 °C.
At the electrolysis temperature of 940 °C, the content of Sc in the cathodic pro-
duction was 0.46 wt%. The Al–Sc master alloy with the content of Sc 1.11 wt%
could be obtained at electrolysis temperature of 950 °C. With increased electrolysis
temperature from 940 to 950 °C, the content of Sc in the Al–Sc master alloy was

Fig. 1 Schematic drawing of
the electrolysis setup:
A—Stainless steel rod,
B—Corundum sleeve,
C—Corundum crucible,
D—Graphite crucible,
E—Graphite anode,
F—Al–Sc master alloy,
G—Electrolyte, H—Iron
plate, I-Cathode rod
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between 0.29 and 0.36 wt%. However, the content of Sc in the production was
reduced to 1.00 wt% as the electrolysis temperature increased to 970 °C. At 950 °C,
the content of Sc in the Al–Sc master alloy slowly decreased by 0.01 and 0.1 wt%
for every 10 °C temperature increase.

Cathodic Current Density

The effect of cathodic current density on the Sc content is shown in Fig. 3. The
content of Sc in Al–Sc master alloy increased and then decreased with increasing
cathodic current density from 1.00 to 2.00 A cm−2. At the cathodic current density
of 1.00 A cm−2, the content of Sc in the alloy was 0.44 wt%. The content of Sc in
the cathodic production only increased by 0.04 wt% at higher cathodic current

Fig. 2 Effect of temperature
on the content of Sc in the
Al–Sc master alloy (cathodic
current density: 1.50 A cm−2,
concentration of Al2O3:1.0 wt
%, concentration of
Sc2O3:3.0 wt%, t: 90 min)

Fig. 3 Effect of cathodic
current density on Sc content
in Al–Sc master alloy (T:
950 °C, concentration of
Al2O3: 1.0 wt%,
concentration of Sc2O3:
3.0 wt%, t: 90 min)
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density of 1.25 A cm−2. Further, the cathodic production with the content of Sc
1.11 wt% could be obtained if the cathodic current density was increased to
1.50 A cm−2. However, the content of Sc in Al–Sc master alloy was reduced to
0.43 wt% when the cathodic current density was increased to 2.00 A cm−2. At the
higher cathodic current density (over 1.50 A cm−2), the content of Sc in the pro-
duction decreased by 0.33 and 0.35 wt% for each 0.25 A cm−2 increase in the
cathodic current density.

Concentration Ratio of Sc2O3 to Al2O3

Figure 4 shows the effect of concentration ratio of [Sc2O3]/[Al2O3] on the content
of Sc in Al–Sc master alloy. The content of Sc in Al–Sc master alloy increased from
0.81 to 3.87 wt% with the increasing concentration ratio of [Sc2O3]/[Al2O3] from 2
to 6. At the concentration ratio of [Sc2O3]/[Al2O3] of 2, the content of Sc in the
alloy was 0.81 wt%. With increased concentration ratio of [Sc2O3]/[Al2O3] from 2
to 5, the content of Sc in the production increased by 0.77, 0.49 and 0.36 wt%,
respectively. The highest Sc content in Al–Sc master alloy with 3.87 wt% was
observed at the concentration ratio of 6.

As shown in Fig. 5, the Al–Sc master alloy prepared under different concen-
tration ratios is composed of aluminum matrix (grey colour) and numerous sec-
ondary phases (white colour) with different shapes. The EDS analysis confirmed
that the Al–Sc master alloy mainly consists of aluminum matrix and Al3Sc inter-
metallic compounds. The distribution of Al3Sc in the intermetallic compounds is
higher with increased concentration ratios of [Sc2O3]/[Al2O3] (Fig. 5). The latter
can be explained due to increased Sc content in Al–Sc master alloy which accel-
erates the reaction between the aluminum and scandium in the melt. In addition, the
Al3Sc particles in all samples are evenly distributed throughout the Al–Sc master

Fig. 4 Effect of
concentration ratio of
[Sc2O3]/[Al2O3] on Sc
content in Al–Sc master alloy
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alloy (Fig. 5). This indicates that concentration ratio of [Sc2O3]/[Al2O3] cannot
affect the uniform distribution of Sc in Al–Sc master alloy.

Conclusion

The effects of the electrolysis temperature, the cathodic current density and con-
centration ratio of [Sc2O3]/[Al2O3] on the content of Sc in Al–Sc master alloy
prepared by electrolysis in Na3AlF6-K3AlF6-AlF3 melt were studied. The results

Fig. 5 SEM-EDS of the Al–Sc master alloy at concentration of Al2O3 1.0 wt%
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showed that the content of Sc in Al–Sc master alloy increased and then decreased
with increasing electrolysis temperature and cathodic current density. Under the
electrolysis temperature of 950 °C, cathodic current density 1.50 A cm−2 and
concentration of Al2O3∙1.0 and Sc2O3 3.0 wt%, the content of Sc in the production
reached 1.11 wt%. Additionally, the content of Sc in Al–Sc master alloy increased
with increasing concentration ratio of [Sc2O3]/[Al2O3]. The analysis of SEM-EDS
indicated that the Al–Sc master alloy mainly consists of the aluminum and the
Al3Sc.
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Numerical Simulation Study
on the Position Layout of the Permeable
Brick at the Bottom of 300t Reblown
Converter

Yun Huang, Chengbo Wu, Yong Zhong, Haitao Zhang
and Gaopeng Zhang

Abstract Based on 300 t top-bottom combined blowing converter bottom air brick
location layout problems, ANSYS Fluent software is adopted to establish the
three-dimensional model, which simulated the change after the location of the four
air brick at the bottom of the flow of molten steel in the converter. The results show
that when the bottom blow flow is constant, the four bottom permeable bricks
should adopt asymmetric staggered layout, which is beneficial to uniform converter
flow field. At the same time, it was found that the angle of the bottom-blown gas
supply element is different and the influence on the wall scour is different. When the
position of the bottom blown air brick is determined, the inclination angle of the air
supply element is 10°, the molten steel has relatively less erosion on the furnace
wall of the converter, the flow field in the converter is more reasonable, and the cost
is saved for the converter smelting.

Keywords 300t converter � Bottom blown breathable brick � Gun position angle

Introduction

The top-bottom blow-up of oxygen converter was a new technology developed in
the late 1970s [1] and also served as the main method for steelmaking. However,
how to improve the production efficiency and the quality of molten steel, as well as
the cost of production, is the most important research direction of converter
steelmaking.

At present, converter steelmaking usually adopts a composite blowing method,
that is, top blowing uses a supersonic oxygen jet, and bottom blowing uses nitrogen
or argon for intensive stirring. The method is simple in equipment and low in
investment cost, so that the original top-blown converter can be easily converted
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into a top-bottom composite blowing equipment, and the economic cost can be
quickly recovered. For this reason, the converter top-bottom composite blowing
method has been widely used and developed in various countries around the world.
So far, dozens of compound blowing processes have been developed [2].

At present, in order to pursue a faster smelting rhythm, steelmaking enterprises
often adopt a method of increasing the oxygen supply intensity. However, due to
the problem of the arrangement of the bottom-blown permeable bricks, the flow
field distribution during the re-blowing process is uneven, and the molten steel
mixing time is too long. According to the literature [3–5], in the case that the
bottom blowing flow rate is constant, as the number of bottom blown ventilating
bricks increases, the bottom blowing mixing time also increases, and the mixing
effect is not good, when the bottom blowing permeable brick. When the bottom
ventilation brick is arranged in four pieces, the bottom blowing mixing effect is
best. The literature [6–8] pointed out that the bottom-blown permeable bricks have
an influence on the mixing effect of molten steel by the asymmetric arrangement
and the symmetrical arrangement. In general, the asymmetric arrangement has a
better mixing effect on the molten steel.

In this paper, the numerical simulation of the converter was carried out by
changing the blowing angle of the bottom blown permeable brick and the sym-
metrical and asymmetric arrangement of the permeable brick. By comparing the
distribution of the molten steel flow field in the converter, the optimal bottom blow
ventilation brick arrangement is obtained.

Model Establishment

Geometric Model

The focus of this study is the influence of the position distribution of the bottom
blown gas permeable brick of the 300t double-blowing oxygen converter on the
flow field and mixing time of the molten steel, so the oxygen lance part is not
added. The geometric model of the bottom blown ventilation brick arrangement of
the 300t double-blown converter is shown in Fig. 1. The physical properties of the
molten steel and argon used in the calculation are shown in Table 1.

Mathematical Model

Basic assumptions

(1) Ignore all chemical reactions of molten steel during steelmaking;
(2) The argon bubble size is uniform;
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(3) The bottom blowing element is equivalent to a circular hole having a certain
section;

(4) The flow of molten steel in the converter is regarded as an incompressible flow.

Control equation
Blowing at the bottom of the converter is a complicated gas–liquid two-phase flow
process. The molten steel is subjected to a circulating two-phase flow under the
agitation of the bottom blown permeable bricks, thereby driving the molten steel to
flow and functioning to stir the molten steel. In this paper, the Euler multiphase
flow model and the turbulent k − e model in ANSYS Fluent 14.0 software are used
to calculate the molten steel flow in the converter. The governing equations used in
the specific calculation model are as follows:

Fig. 1 Physical model of the bottom blown ventilation brick arrangement of 300t double-blown
converter

Table 1 Physical properties of molten steel and air

Parameter Steel water
density

Molten steel
viscosity

Argon
density

Argon
viscosity

Kg m−3 Kg m−1 s−1 Kg m−3 Kg m−1 s−1

numerical
value

7000 0.0067 1.6228 2.125 � 10−5
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The k equation describing the kinetic energy [9]:
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where q is density; k is turbulent flow energy; s is time; xj is displacement in
j direction; leff is turbulent viscosity; rk = 1.0; e is turbulent energy dissipation rate;
Cl = 0.09; ui is i direction turbulent viscosity; uj is the turbulent viscosity in the
j direction; xi is the displacement in the i direction.

Describe the e equation for turbulent energy dissipation [10]:
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where Uj is the fluid velocity in the j direction; Cd1 = 1.44; Cd2 = 1.92; re = 1.3.

Boundary Conditions

(1) Argon gas velocity inlet condition is adopted at the bottom of the converter,
argon gas enters the molten steel from the gas permeable brick, and the volume
fraction of argon gas is 1.

(2) The converter outlet is a pressure outlet. It is assumed in the calculation that
only gas will produce reflux.

(3) The wall surface of the converter adopts no-slip boundary condition, and the
near wall surface is treated by standard wall function.

Numerical Solution

The test was performed using ANSYS Fluent version 14.0. Using the PISO solver,
the flow field time step was calculated as 0.01 s and the residual was set to 10-3.
The calculation results were processed using Tecplot software to obtain the flow
field of the converter.
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Calculation Results and Discussion

According to the characteristics of a steel enterprise converter and the demand of
the production process, the variation in the flow field of the molten steel under the
argon blowing mode at the bottom of the converter is calculated. The arrangement
of the bottom blown ventilated brick to the centre of the converter is 1000 mm
(1000 symmetry for short); the arrangement of the bottom blown ventilated brick to
the centre of the converter is 1500 mm (referred to as 1500 symmetry); the distance
between the two permeable bricks to the center of the converter is 1000 mm, and
the other two bottom blown permeable bricks are arranged at a distance of
1500 mm from the bottom of the converter (abbreviated as asymmetry). The degree
to which the bottom blowing air supply element is outwardly offset along
the centreline is a low blowing angle. See Table 2 for the air blowing method
of the brick bottom blow blasting brick under different working conditions
(Figs. 2, 3 and 4).

Bottom blowing adopts 1000 symmetric arrangement for smooth calculation
Case 1 is respectively a bottom speed cloud diagram and a bottom blowing speed
line diagram of the bottom blowing using a 1000 symmetrical 0° arrangement. As
can be seen from the figure, since the bottom blowing air supply elements are
closely spaced and arranged symmetrically, the bottom blowing is sufficient for the
centre position of the converter. However, it can be seen from the velocity cloud
map and the speed line graph that the gas supply elements have no inclination angle

Table 2 Blowing method of blowing brick at the bottom of converter under a different case

No. Arrangement Blowing volume
(m3 h−1)

Bottom blowing
angle (°)

Remarks

1 1000
symmetry

275 0 4 breathable bricks
blown

2 1000
symmetry

275 10 4 breathable bricks
blown

3 1000
symmetry

275 20 4 breathable bricks
blown

4 1500
symmetry

275 0 4 breathable bricks
blown

5 1500
symmetry

275 10 4 breathable bricks
blown

6 1500
symmetry

275 20 4 breathable bricks
blown

7 asymmetric 275 0 4 breathable bricks
blown

8 asymmetric 275 10 4 breathable bricks
blown

9 asymmetric 275 20 4 breathable bricks
blown
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because they are close to each other. Therefore, there is almost no agitation on the
position on the side of the converter.

Case 2 respectively shows the bottom speed waveform and the bottom blowing
speed line diagram of the bottom blowing using a 1000 symmetrical 10° arrange-
ment. As can be seen from the figure, since the gas supply element is inclined by
10°, the range of the unheated furnace near the furnace wall is reduced by a part,

Fig. 2 1000 symmetrical 0° bottom speed map and bottom blow speed line diagram

Fig. 3 1000 symmetrical 10° bottom speed map and bottom blow speed line diagram
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and the velocity flow field is more uniform. Therefore, after changing the incli-
nation angle of the air supply element, the flow field has a positive influence.

Case 3 respectively shows the bottom speed waveform and the bottom blowing
speed line diagram of the bottom blowing using a 1000 symmetrical 20° arrange-
ment. It can be seen from the figure that the flow field of the centre of the converter
is affected by the inclination of the gas supply element. By the influence, the stirring
effect is reduced, so the inclination angle of the gas supply component should not
be too large (Figs. 5, 6 and 7).

Bottom blowing adopts 1500 symmetric arrangement for smooth calculation
Case 4 is respectively a bottom speed cloud diagram and a bottom blowing speed
line diagram of a bottom blowing using a 1500 symmetrical 0° arrangement. As can

Fig. 4 1000 symmetrical 20° bottom speed map and bottom blow speed line diagram

Fig. 5 1500 symmetrical 0° bottom speed curve and bottom blowing speed line diagram
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be seen from the figure, as the distance from the gas supply element to the center of
the converter increases, the entire converter flow field becomes relatively active.
However, because the four gas supply components are too far apart, the flow field in
the center of the converter is not active.

Case 5 is respectively a bottom speed cloud diagram and a bottom blowing
speed line diagram of a bottom blowing using a 1500 symmetrical 10° arrangement.
According to the figure, after the air supply element is added with an inclination
angle, although the flow field movement near the furnace wall is strengthened, the
molten steel in the centre of the converter hardly flows. Therefore, in the case of
increasing the distance of the gas supply element, increasing the inclination angle is
not conducive to the activity of the entire converter flow field.

Fig. 6 1500 symmetrical 10° bottom speed cloud diagram and bottom blowing speed line
diagram

Fig. 7 1500 symmetrical 20° bottom speed map and bottom blow speed diagram
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Case 6 is respectively a bottom speed cloud diagram and a bottom blowing
speed line diagram of a bottom blowing using a 1500 symmetrical 20° arrangement.
According to the cloud diagram and the line graph, it can be seen that as the angle
increases, the range of the flow field in the centre of the converter does not increase,
and the active area of the flow field is concentrated in the furnace wall area (Figs. 8,
9 and 10).

Bottom blowing adopts asymmetric arrangement and smooth calculation
Case 7 is respectively a bottom speed cloud diagram and a bottom blowing speed
line diagram of the bottom blowing using an asymmetric 0° arrangement.
According to the figure, when the gas supply element is arranged asymmetrically,

Fig. 8 Asymmetric 0° bottom speed cloud diagram and bottom blowing speed line diagram

Fig. 9 Asymmetric 10° bottom speed map and bottom blow line diagram
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the active area of the converter flow field is obviously increased, and the flow field
of both the centre part and the edge of the furnace wall is active.

Case 8 is respectively a bottom speed cloud diagram and a bottom blowing
speed line diagram of the bottom blowing using an asymmetric 10° arrangement. It
can be concluded from the figure that when the permeable bricks are arranged in an
asymmetric manner, the active area of the flow field can be greatly improved, and
when the gas supply element is inclined by 10°, the active area of the flow field is
maximized and active. The centre of the converter and the edge of the furnace wall
reached the expected results of this simulation.

Case 9 is respectively a bottom speed velocity diagram and a bottom blowing
speed diagram of the bottom blowing using an asymmetric 20° arrangement. It can
be seen from the figure that the whole flow field distribution of the converter is also
reasonable, but because the inclination angle is too large, the two gas supply
elements with the distance of 1500 mm from the centre cause a flushing effect on
the furnace wall, which is not conducive to extend the life of the converter. At the
same time, because the angle is too large, the flow field in the central area is not
active.

Conclusions

When the bottom blown ventilating brick is arranged in a non-nickname, the flow
field distribution of the converter is relatively uniform, and the entire converter flow
field is more active. At the same time, if the bottom blowing air supply element has
no inclination angle, the molten steel is not active in the furnace wall area, so there
should be a certain inclination angle, but the inclination angle should not be too
large, otherwise the molten steel will be excessively eroded to the converter furnace
wall. In summary, the case 8 (non-nickname 10°) ventilation brick layout is the
most reasonable.

Fig. 10 Asymmetric 20° bottom speed map and bottom blow line diagram
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Optimization of Zn-Al-Fe Alloy Vacuum
Distillation Experiments by Response
Surface Methodology

Zhenghao Pu, Yifu Li, Bin Yang and Huan Zhang

Abstract Vacuum distillation of Zn-Al-Fe alloy was discussed based on the
experimental investigations of the distillation temperature, the holding time and the
pressure of pressing block by response surface methodology. The experimental
results showed that zinc can be satisfactorily obtained from Zn-Al-Fe alloy with
suitable distillation temperature, holding time and the pressure of pressing block.
The zinc in Zn-Al-Fe alloy was effectively recovered at 1073–1123 K for
60–75 min, and pressure of pressing block was below 50 MPa. When the temper-
ature was 1073 K, the holding time was 75 min and the pressure of pressing block
was 40 MPa, the zinc content in the volatiles was about 98.35% and the aluminium
content in the residue was about 92.22%.

Keywords Zn-Al-Fe alloy � Vacuum distillation � Response surface

Introduction

With the rapid development of national economy and the continuous adjustment of
steel structure, the demand for galvanized steel in China is increasing dramatically.
Hot galvanizing slag (Zn-Al-Fe alloy) is a by-product of hot dip galvanizing. It will
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produce large quantities of Zn-Al-Fe alloy every year for such a huge yield [1].
Meanwhile, with the rapid development of the economy and industry, the con-
sumption of zinc and aluminium will increase. Extraction of zinc and aluminium
from primary mineral resources has been difficult to satisfy the requirements of
industry. Hot dip galvanizing slag and scrap aluminium alloy contain a large
amount of zinc and aluminium [2]. It will result in huge waste of resources and
environmental pollution if it abandons the hot dip galvanizing slag and scrap alu-
minium alloy directly [3]. Accordingly, it is necessary to recycle these metals.

Vacuum distillation is a new kind of metallurgy method, which carries out in a
closed container with the characteristics of high efficiency and clean [4]. The
problems of long technological process, high energy consumption, low yield and
poor economic benefit of traditional metallurgical method can be solved effectively.
Vacuum distillation has been widely used in the separation of alloys and the
refining of crude metals [5–7]. Pu [8] studied the separation of hot dip galvanizing
by response surface methodology under vacuum condition. The results showed that
the zinc in Zn-Al-Fe alloy was effectively recovered at 1073–1123 K for
60–75 min and the thickness of the raw materials showed little influence in vacuum
distillation. However, the further work and more factors should be considered.

Theoretical Basis

Separation of zinc from Zn-Al-Fe alloy was the core of vacuum distillation
experiment, whether it can be separated by the vacuum distillation depending on the
difference in the saturated vapour pressure of the pure metal. Generally speaking,
the greater the difference in saturated vapour pressure, the better the effect of alloy
separation [9]. And it will be existed in liquid phase if the saturated vapour pressure
was small.

The saturated vapour pressures can be calculated by the formula:

logP ¼ AþBT�1 þC log T þDT ð1Þ

A, B, C and D indicated the volatilization constants respectively. The relation
curves of saturated vapour pressure and temperature of zinc, aluminium and iron are
shown in Fig. 1.

As can be seen in Fig. 1, the saturated vapour pressure of the metal increased
with the increase in temperature. The saturated vapour pressure of zinc was far
greater than aluminium and iron, which means zinc can evaporate easily into the
gas phase, so that zinc can be separated from aluminium and iron.
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Experimental Procedure

Sample of the Zn-Al-Fe alloy for experiment is obtained from a factory in China.
The information about materials and samples is concluded in Table 1. The vacuum
furnace is shown in Fig. 2. The working pressure for the vacuum furnace was about
1 Pa, and the working temperature can be set from room temperature to about
2000 K. The vacuum furnace used Pt-Rh thermocouple and McLeod vacuum
gauge. The experimental samples must be dried and placed in a graphite crucible at
the constant temperature zone of the vacuum furnace. Experiments were carried out
under preset experimental parameters. When the furnace temperature dropped to
room temperature, the condenser and evaporator should be taken out for analysis.

Hot galvanizing slag cannot be used in the experiment directly. The author
pressed the block after grinding the sample for the experiment. This research adopted
the experimental design software Design-Expert 8.0.6 experimental design (BBD),
in order to study the influence factors of the interaction in the distillation process of
distillation temperature and time, and the pressure of pressing block on the refining
of Zn-Al-Fe alloy. The vacuum distillation experiments by the response surface
method were carried out with the distillation temperature from 973 to 1173 K,
holding time from 15 to 75 min and pressure of pressing block from 40 to 60 MPa.

The direct yield was calculated by the following formulas:

The direct yield ¼ x0i � m0

xi � m

� �
� 100 ð2Þ

where xi is the content of i in raw material, x0i is the content of i in the volatiles, m is
the weight of the feeding materials, m0 is the weight of the volatiles.
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Fig. 1 Change curve of
saturated vapour pressure and
temperature of zinc,
aluminium and iron

Table 1 Chemical
composition of raw materials

Sample xZn xAl xFe
Raw material 0.3652 0.6023 0.0198
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This paper studied the repeatability and random error and provides additional
freedom for error estimation. The central point in the experimental design matrix
was repeated 5 times.

The relationship between the factors and the results is shown in Eq. (3):

Y ¼ b0 þ
Xk
i¼1

biXi þ
Xk
i¼1

biiX
2
i þ

Xi\j

i

X
j

bijXiXj ð3Þ

where Y is the response quantity; K is the number of factors; b0 is a constant term;
bi is a linear coefficient; bii is the two-order coefficient; bij is the coefficient of
interaction; X1, X2, X3 represent the experimental factors. The equation was based
on the least square method to estimate the experimental parameters. The experi-
mental design is shown in Table 2.

Fig. 2 Schematic diagram of
the internal structure of the
vertical vacuum furnace: 1—
furnace cover; 2—vacuum
furnace body; 3—furnace
chassis; 4—electrode;
5—condensation plate; 6—
observation hole; 7—thermal
insulation sleeve; 8—heater;
9—crucible

Table 2 Factors and levels
of experimental design

Factor Code Coding level

−1 0 1

Distillation temperature/K X1 973 1073 1173

Pressure/Mpa X2 40 50 60

Holding time/min X3 15 45 75
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Results and Discussion

The experimental results of the vacuum distillation with contents of zinc, alu-
minium and iron in residue (liquid phase) and volatiles (vapour phase) are listed in
Table 3. The effect of factors is shown in Fig. 3.

The Effect of Factors on the Zinc Content in Gas Phase

As shown in Fig. 3, Zn-Al-Fe alloy was under the distillation temperature from 973
to 1173 K, holding time from 15 to 75 min and pressure of pressing block from 40
to 60 MPa, with pressure 5 Pa. The effect of these factors on the direct yield of zinc
was examined.

As can be seen from Fig. 3a, with the increase in temperature and holding time,
the content of zinc increased gradually in the volatiles. The main reason was that
the saturated vapour pressure of zinc increased gradually with the increase in
temperature. With the increase in temperature, the direct yield of zinc increased
sharply at the beginning. When the temperature was 973 K and the holding time
was 15 min, the direct yield of zinc was approximately 78.29% and the content of
zinc was 88.24% in the volatiles. When the temperature was 1073 K and the

Table 3 Elements distribution of distillation product

Sample T/K Time/
min

Pressure/
MPa

xZn xAl xFe yZn yAl yFe The
direct
yield of
Zinc/%

1# 1173 45 40 0.0002 0.9289 0.0632 0.9821 0.0003 <0.0001 97.6

2# 1173 45 60 0.0001 0.9126 0.0693 0.9772 0.0017 0.0002 97.9

3# 1073 15 60 0.0010 0.9267 0.0500 0.9209 0.0007 0.0001 86.7

4# 973 45 40 0.0152 0.8941 0.0758 0.9087 0.0001 <0.0001 75.8

5# 1173 15 50 0.0005 0.9278 0.0579 0.9719 0.0004 <0.0001 96.1

6# 1073 45 50 0.0023 0.9256 0.0618 0.9828 0.0022 0.0006 97.1

7# 1073 15 40 0.0046 0.9065 0.0664 0.9673 0.0006 0.0003 87.6

8# 973 45 60 0.0086 0.8923 0.0733 0.9328 0.0022 0.0006 90.4

9# 1073 45 50 0.0004 0.9280 0.0521 0.9837 0.0006 0.0002 93.2

10# 1073 45 50 0.0029 0.9232 0.0637 0.9833 0.0003 0.0001 94.5

11# 1073 45 50 0.0003 0.9276 0.0623 0.9788 0.0004 <0.0001 95.9

12# 973 75 50 0.0096 0.9013 0.0884 0.9554 0.0003 <0.0001 88.6

13# 1073 75 40 0.0003 0.9323 0.0554 0.9835 0.0003 <0.0001 97.2

14# 973 15 50 0.0091 0.8716 0.0636 0.8824 0.0002 <0.0001 78.3

15# 1173 75 50 0.0002 0.9408 0.0344 0.9836 0.0005 <0.0001 98.4

16# 1073 75 60 0.0003 0.9026 0.0861 0.9807 0.0002 <0.0001 93.6

17# 1073 45 50 0.0029 0.9267 0.0611 0.9798 0.0003 0.0001 94.1
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holding time was 45 min, the direct yield of zinc was approximately 97.12% and
the content of zinc was 98.28%. At this time, the direct yield and the content of zinc
changed little with the increase in temperature and holding time. When the distil-
lation temperature was above 1073 K and holding time was above 60 min, the zinc
content in the volatiles was no longer rising, even a little reduce. That was because
long cooling time process led the zinc to reflux. When the temperature was 1073 K
and the holding time was 75 min, the zinc content in the volatiles was about
98.35%.

As can be seen from Fig. 3b, with the increase in pressure of pressing block, the
content of zinc increased firstly and then decreased. The main reason was that when
the pressure of pressing block increased, zinc particles became more close in the
raw material and it was not conducive to evaporation after reaching a certain
pressure. When the temperature was 973 K and the pressure of pressing block was
60 MPa, the direct yield of zinc was approximately 75.81% and the content of zinc
was 90.87%. When the temperature was 1073 K and the pressure of pressing block
was 40 MPa, the direct yield of zinc was approximately 97.19% and the content of

Fig. 3 Effect of factors a The effect of factors on the content of zinc in gas phase (holding time),
b the effect of factors on the content of zinc in gas phase (pressure), c the effect of factors on the
content of aluminium in liquid phase
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zinc was 98.35%. The zinc content in the volatiles was no longer rising, as the
distillation temperature was above 1073 K and pressure of pressing block was
below 50 MPa.

The Effect of Factors on the Aluminium Content in Liquid
Phase

As, the can be seen from Fig. 3c, with the increase in temperature and holding time,
the content of aluminium increased gradually in the residue. The aluminium content
had a great relationship with the zinc content. This was because with the increase in
temperature and the extension of time, the zinc in the Zn-Al-Fe alloy evaporates
basically, the aluminium and iron were left, and so the content of aluminium
increased. When the temperature was 973 K and the holding time was 15 min, the
content of aluminium was 87.16%. When the temperature was 1073 K and the
holding time was 45 min, the content of aluminium was 91.80% in the residue.
When the distillation temperature and holding time were above 1073 K and 45 min,
respectively, the aluminium content in the residue was no longer rising. When the
temperature was 1073 K and the holding time was 45 min, the aluminium content
in the residue was about 92.03%. For this residue, aluminium can be recycled in
other ways.

The iron content in the residue change was not very obvious due to the less
content in raw materials.

Conclusion

The experimental results showed that vacuum distillation was an advanced tech-
nology of clean metallurgy. For the processing of Zn-Al-Fe alloy, zinc can be
recovered effectively.

The zinc in Zn-Al-Fe alloy was effectively recovered at 1073–1123 K for 60–
75 min and pressure of pressing block was below 50 MPa. When the temperature
was 1073 K, the holding time was 75 min and the pressure of pressing block was
40 MPa, the zinc content in the volatiles was about 98.35% and the aluminium
content in the residue was about 92.22%. And the experiment provided an efficient
and convenient idea to guide the process of vacuum metallurgy.
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Review on Preparation
of Medium- and Low-carbon
Ferrochrome Alloys

Ting Hu, Hua Liu, Bingguo Liu, Linqing Dai, Libo Zhang
and Shenghui Guo

Abstract As one of the important strategic materials, chromium has been widely
used in metallurgical, refractory, and chemical industry. Ferrochrome is an
important additive in the production of alloy steel. According to the carbon content,
it is classified as high-carbon ferrochrome (carbon 4–8%), medium-carbon fer-
rochrome (0.5–4%), low-carbon ferrochrome (0.15–0.50%), micro-carbon fer-
rochrome (carbon 0.06%), and ultra-micro-carbon ferrochrome (less than 0.03%).
But the most widely used one in metallurgical is the first three. This article mainly
summarizes the current development of domestic and international medium-low-
carbon ferrochrome and summarizes the preparation methods and the influence
factors in the smelting process including reduction temperature, reduction time, the
reduction agent, and alkalinity.

Keywords Chromite � Smelting method �Medium- and low-carbon ferrochrome �
Influence factors
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Introduction

Chromium is an important metal, which contents only 0.01% in the crust and ranking
17th. In nature, iron and chromium symbiotic formation of ferrochrome spinel
(FeO • Cr2O3), whose mineralogical name is chromite [1]. In the world, the
chromium-containing ore is mainly chromite. About 60% of chromite is used in the
metallurgical industry to produce ferrochrome (manufacturing alloy steel and
stainless steel), 20% for refractory materials, 12% for the chemical industry, and the
remaining 8% for the foundry industry [2]. According to the compositions and uses,
chromite ore is classified as the metallurgical grade, refractory grade, and chemical
grade and used for casting stone. Ferrochrome alloy is one of the important alloy
materials used in the steel industry. Besides containing the main components of
chromium and iron, it also contains other impurity elements such as carbon, silicon,
sulphur, and phosphorus. Ferrochrome alloy is used to produce a variety of special
steels with corrosion resistance, high-temperature resistance, high strength, and
oxidation resistance. Special steel is an essential material for the production of
artillery, rockets and missiles, ships, etc. in the aerospace, automotive, shipbuilding,
and defence industries. As the steelmaking technology advance, the requirements of
quality and cleanliness of special steels are becoming increasingly high. Meanwhile,
with the refinement of steel grades, the demand for medium-low-carbon ferrochrome
alloy is also increasing [3, 4].

The global reserves of chromite are about 5 billion tons, which is not particularly
rich. Compared with other countries, about 62.4% of chromite reserves are pro-
duced in South Africa, ranked first in the world. And Zimbabwe about 32.7%, the
former Soviet about 1.2%. More than 96% of the chromite resources are concen-
trated in these three countries, followed by the Philippines (about 0.3%), Turkey
(about 0.1%), and other countries (about 3.3%) [2, 5–7]. According to the US
Geological Survey, exceed 12 billion tons of chromium are available, enough to
sustain consumption for several centuries. Chromite resource distribution is more
concentrated, about 95% of chromite mainly in Kazakhstan and South Africa. The
natural reserves of chromite in the crust exceed 1.8 billion tons, and the recoverable
reserves exceed 810 million tons. Proved China’s reserves of chromite increased
slightly in recent years, remained stable at 12 million tons. As the end of 2016, the
country’s proven reserves 12,331,900 tons, down 1%.

Compared with other national reserves, China’s chromite resources are few, and
its chromite deposits are mostly small and medium-sized deposits. Our country is
the main consumer of chromite reserves less than 0.15% of world reserves.
Meanwhile, our ferrochrome resources are faced with many problems such as
small-scale mineral deposits, scattered distribution, poor development and utiliza-
tion conditions, more lean ore, and less open mining [8–12]. This article discusses
the current domestic and international forms from the preparation methods of
medium- and low-carbon ferrochrome alloys and the influencing factors in the
smelting process.
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Medium-Low-Carbon Ferrochrome Alloys Preparation
Methods

Medium-low-carbon ferrochrome alloys are used to produce medium-low-carbon
structural steel, chrome steel, and alloy structural steel. Chrome steel is commonly
used in the manufacture of gears and gear shafts. Currently, the smelting methods
mainly include an electron-silicothermic method and oxygen blowing method [4,
13].

Electron-Silicothermic

At the beginning of the twentieth century, French metallurgists studied the related
aspects of medium-low-carbon ferrochrome production through electron-
silicothermic, which was the earliest application of the electron-silicothermic.

The silicon thermal method is to add the raw material chromite, silicon chrome
alloy, and lime into the electric furnace in the test furnace under the condition of
making the alkali slag in the electric furnace to melt the material so that the silicon
in the silicon-chromium alloy reduces the chromium and iron in the chromite.

The basic principles of electrothermal smelting are as follows:

2Cr2O3 Sð Þþ 3 Si½ � ¼ 4 Cr½ � þ 3 SiO2ð Þ ð1Þ

2 FeOð Þþ Si½ � ¼ 2 Fe½ � þ SiO2ð Þ ð2Þ

Tang et al. [14] prepared low-carbon ferrochrome by electric silicon thermal
method. The results show that the low-carbon and micro-carbon ferrochrome in the
production of silicon-chromium alloy can meet the requirements of users with
C � 0.010% or less. The system has a high pass rate; the process of producing
low-carbon ferrochrome by electro-silicon thermal method was studied by Tianhu
et al. [15], and the main factors affecting production indicators and mechanisms
were found. By adjusting the production process and strengthening technical
management, there is a certain effect; Wen et al. [16] discussed the process of
electrothermal production.

The chromium-iron alloy prepared by the electrothermal method has a carbon
content of less than 0.03% and belongs to micro-carbon ferrochrome [15].
However, these methods require three electric furnaces to complete the smelting
process, one of which is for the production of carbon ferrochrome. One for the
production of silicon-chromium alloys, the other for the refining of chromium and
silicon-chromium alloys. Since three electric furnaces are required, the main dis-
advantage of this method is high power consumption (about 1800 kWh/t). The
carbon electrode in the smelting is in contact with the liquid alloy so that the
ferrochrome alloy is easy to add carbon and cannot meet the quality requirements of
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the medium- and low-carbon ferrochrome alloy. The process is long, and the
intermediate product needs to be repeatedly cast, crushed, finished, and stored, thus
greatly reducing the recovery rate of chromium [17].

Oxygen Blowing

The low-carbon ferrochrome used in the oxygen blowing process is a converter, so
it is called the converter method. According to different oxygen supply methods,
oxygen blowing can be divided into four types: side blowing, top blowing, bottom
blowing, and top and bottom blowing. China adopts the top blowing converter
method.

The oxygen blowing method is to produce oxygen low-carbon ferrochrome by
directly blowing oxygen into liquid high-carbon ferroniobium to decarburize it. The
working principle is that the temperature required for the high-carbon ferrochrome
solution fed into the converter is usually between 1723 and 1873 K. Due to the
oxidation of chromium, iron, and silicon, the temperature in the molten pool will rise
rapidly, the decarburization reaction begins, and the temperature is higher. High, the
better the decarburization reaction. Under normal pressure, a product containing 2%
carbon can be obtained at a temperature of 2038 K, a product containing 1% carbon
can be obtained at a temperature of 2217 K, and a product having a carbon content of
0.5% can be obtained at a temperature of 2432 K.

As early as around 1970, Shanghai Ferroalloy Plant and Beijing Iron and Steel
Research Institute [18] jointly studied the low-carbon ferrochrome in converter
oxygen blowing, mainly studied the blowing process, from raw materials, oxygen
supply, temperature, slag, smoke. Detailed studies have been carried out on gas,
furnace gas, and its molten iron casting. The research results show that “high
temperature, fast“ is the basic principle of converter smelting ferrochrome. Hu [19]
proposed the process of extending the slag method of the converter age for some
problems such as short furnace age and high refractory consumption in the pro-
duction of medium- and low-carbon ferrochrome in pure oxygen top-blown con-
verter. The theoretical basis of the process operation and the influence of the slag
composition on the slag and the specific operation of the slag are discussed.
According to production practice, the use of reasonable slagging system and correct
slagging method has an obvious effect on the age of the furnace; Narita et al. [20]
deeply discussed the effect of lime-based flux on dephosphorization of molten iron,
taking oxygen injection. The top blowing method has been studied. The research
shows that the dephosphorization rate is better in this way, the high phosphorus
distribution ratio (% P2O5)/[%P] = 500–1500, when the CaO/SiO2 in the Cao
residue exceeds 3, the flux will be When mixed with soda ash, the dephospho-
rization rate can be maintained at a high level, and the desulphurization rate is
remarkably improved.

Masuda et al. [21] discussed the development of stainless steel refining oxygen
top-blowing argon blowing process; Yu et al. [22] discussed the fuzzy PID
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oxygen-rich bottom blowing bath temperature control method. The research results
show that the high temperature (1800–2000 °C) is a demand of smelting by oxygen
blowing method, so the damage to the furnace lining is serious, so the liquid
high-carbon ferrochrome must be strictly required to enter the furnace, the tem-
perature is 1450–1600 °C, the molten iron contains silicon � 1.5%, molten iron
containing sulphur � 0.036%, while the recovery rate of chromium is relatively
low, only about 81% [23].

Another Method

For the problem of traditional medium-low-carbon ferrochrome production, it is
necessary to research and develop a new technology and process with short process,
cost-effective and simple operation to adapt to the advancement of steelmaking
technology.

In recent years, microwave heating has been applied increasingly in the metal-
lurgical field. At the same time, many good research results have been achieved,
and a new metallurgical technology has been formed. Different from the conven-
tional heating, microwave heating is the use of heat generated by the energy con-
sumed by the electromagnetic field of the dielectric material to generate heat.
Compared with the traditional heating method, the characteristics of microwave
metallurgy are as follows: (1) heating uniformity and penetrating properties of
materials; (2) volumetric heating mode and rapid heating of materials; (3) selective
heating and dielectric properties of the material; (4) it does not produce any gas
itself, and it is one of the effective ways to achieve clean metallurgical industry
production. With these advantages, new metallurgical techniques and processes that
cannot be achieved under conventional heating conditions can be developed.
Realize the transformation of some traditional metallurgical processes and tech-
nologies, improve the processing level of metallurgical products, improve product
structure, metallurgical processes achieve high efficiency, energy saving, and
environmental protection. Currently, microwave heating technology has been used
for the ore crushing [24, 25], pretreatment of refractory gold ore [26–28], recovery
of gold from low-grade ore and tailings, extraction of rare metals and heavy metals
from ore [29], etc. In the future, as the metallurgical technology advance, micro-
wave metallurgy will play an indispensable role in the industry.

Chen et al. [30] studied the temperature rise characteristics of carbon-containing
chromite ore powder in the microwave field. The results showed that chromite ore
fines containing coal had a better temperature-rising characteristic in the microwave
field of 2.45 GHz in frequency. Under the condition of the microwave power of
10 kW and the ore fines’ mass of 1 kg, chromite ore fines containing coal reached
1100 °C in 7 min with a temperature-rising rate of 157.1 °C�min−1, which stated
chromite has good absorbing properties. It provides a new method for the smelting
of low-carbon ferrochrome, which has certain theoretical and practical value.
However, carbon is used as a reducing agent, and carbon is not easily removed
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completely so that it is difficult to obtain a medium-low-carbon ferrochrome. The
best way is to use silicon as a reducing agent to achieve short process smelting. And
in the reduction process, a flux can be added to achieve slag and metal separation.
Wu et al. [31, 32] studied the microstructure of voluminal reduction on chromite ore
fines containing silicon (basicity: 1.60–1.90) heated by microwave. It has been
revealed that at the temperature of 1100, 1200, and 1300 °C (at atmospheric
pressure without protective gas), the microstructure of voluminal reduction on
chromite ore fines containing silicon heated by microwave consisted mainly of the
thermic fractured reduction structure from the edge to inside at the first. The fines
thermic fractured reduction structures were dominated by the increase of temper-
ature. Finally, at the temperature of 1300 °C, complete separation occurred, and Fe,
Cr content in metallic Cr-Fe phase increased with temperature. And analyse the
chemical composition of reduction products Cr-Fe alloy, the results show that the
reduction product Cr-Fe alloy conglomerates to block and separates from slags
preferably at smelting temperature of 1 300 °C, holding time of 40 min and end-
point temperature of 1 450 °C. The composition of reduction products Cr-Fe alloy
meets requirements of (GB5683-87)FeCr55C25II. Liu [33] studied the thermal
reduction process of chromite ore in microwave field. The result clearly revealed
that the optimum process parameters are as follows: microwave power: 1500 W,
reduction time: 60 min, raw material size: −200 mesh, reducing agent dosage: 40%;
1300 °C at temperature, heat preservation at 60 min, and 1450 °C for bulk
reduction. The reduction product has been made the SEM analysis and phase
analysis, low-carbon ferrochrome prepared chromite reduction method that
microwave thermal field of silicon, the main chemical components to meet the
requirements of FeCr55C25 II (GB5683-87).

Influence Factors

Reduction Temperature

Xu et al. [34] studied the spheronization and reduction catalysis of
carbon-containing chrome ore and studied the effect of reduction temperature on the
metallization rate. Zambrano et al. [35] analysed the effects of reduction tempera-
ture and excess reducing agent on ferrosilicon using raw materials (chromite, pet-
roleum coke, Portland cement, lime, and silica); Liu [33] also conducted related
research. The results show that the metallization rate of chromium increases with
the increase of the reduction temperature. These have achieved good results. It can
be seen that compared with the conventional method, recent research has greatly
reduced the reduction temperature, thus reducing the loss. These studies have laid
the foundation for future research work.
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Reduction Time

It is known from the literature [34, 36] that the reduction time has a great influence
on the metal conversion rate in the preparation of medium- and low-carbon fer-
rochrome. Li [37] also conducted related research, controlling the reduction tem-
perature to 1400 °C, and used bituminous coal as a reducing agent to study the
effect of reduction time on the pre-reduction results. The results show that the
reduction time is more conducive to the reduction of chromium. The reduction time
increased from 2.0 to 4.5 h, and the metallization rate of iron was relatively small,
indicating that the reduction rate of iron was faster, and the metallization rate was
higher after 2 h. When the reduction time is 2 h, the chromium metallization rate is
only 13.11%. After the reduction time is extended to 4 h, the chromium metal-
lization rate reaches 47.01%, but the reduction time is prolonged and the reduction
effect is not obvious. Therefore, it is not the longer the reduction time, the better the
reduction effect. Liu [33] also did this research. She studied the effect of reduction
time on the heating performance and chromium metallization rate of chromite in the
microwave field. It’s shown that the longer the reduction time, the higher the
metallization rate of chromium. When the metallization rate reaches a certain value,
the reduction time has no effect on the metallization rate of chromium.

Reduction Agent

At present, many studies have shown that reducing agents have a great influence on
the preparation of low-carbon ferrochrome. Li [37] also studied the effect of coal
ash on the reduction process. The results show that the content of ash and volatiles
in bituminous coal has a great influence on the reduction process, the lower ash
content, the higher volatile content, the better reduction effect. Zhou et al. [38]
studied the effect of different reducing agents on the metallization rate; Liu [33]
studied the effect of reducing agent dosage on the heating performance and chro-
mium metallization rate of chromite in the microwave field. Studies have shown
that as the amount of reducing agent increases, the metallization rate of chromium
increases in turn. When the amount of the reducing agent was controlled at 40%,
the metallization ratio of chromium was 95.47%. The amount of reducing agent
continues to increase, and the metallization rate of chromium is not obvious and is
basically stable.

Alkalinity

Control the slag basicity is important in the preparation of medium-carbon fer-
rochrome. It has a lot of related research has been done at home and abroad. Fu [39]
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studied smelting medium- and low-carbon ferrochrome by argon-oxygen refining
(AOD), it was claimed that the alkalinity of slag is an important factor affecting
product quality and energy consumption. Ren et al. [40] analysed the influencing
factors of Cr2O3 content in slag during the EAF smelting process of trace carbon
chrome-iron slag and introduced some specific measures to improve the utilization
of chromium. Studies have shown that the performance of raw materials has the
greatest impact on the utilization of chromium. The alkalinity (CaO/SiO2) in the
melting period is controlled at about 1.4–1.6, the refining period is controlled at
about 1.7–1.8, and the [Si] is controlled at about 1–1.5 and final slag (MgO) is
advantageous for increasing the recovery of chromium. Wu [6] used FactSage
software to simulate SiO2-CaO-Cr2O3 ternary slag and SiO2-CaO binary slag, also
to correction the slag basicity depend on the slag system is complicated, from the
data can be concluded that out-feeding temperature should be controlled at 1450 °C
and basicity should be controlled at 1.6 to 1.8, and the final slag contains lower
Cr2O3 and higher metal chromium recovery.

Granularity

The finer the mineral powder particles, the larger the contact area, it’s helpful for
the chemical reaction proceeds. Many studies have shown that during the thermal
reduction of chromite ore powder, the rate of chemical reaction increases with the
decrease of the particle size of solid particles [41].

Liu [33] had done this research. The results of the study indicate that The smaller
the particle size, the faster the heating rate, and the higher the metallization rate of
chromium. As the particles are reduced, the heating rate is gradually increased, and
the time for heating up to 1200 °C is gradually reduced. When the particle size is
less than 100 mesh and 150 mesh, there is no significant difference in the rate of
temperature increase. However, when the particle size is less than 300 mesh, the
heating rate is fast, especially when the heating time is about 15 min, and the
temperature is rapidly raised to 1200 °C. When the particle diameter is less than
300 mesh and 200 mesh, the time required for heating to 1200 °C is 3–4 min. The
particle size is less than 300 mesh, the chromium metallization rate is the highest,
and the chromium metallization rate is 72.13%.

Conclusion

In summary, now, the ferrochrome alloys’ smelting methods are extensive. But in
order to meet the national requirements of energy conservation and green metal-
lurgy, we should improve traditional production processes. And because of the
production of medium-low-carbon ferrochrome, the grade and melting properties of
chrome ore directly affect the smelting process and various technical and economic
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indicators. Therefore, in the smelting process, it is necessary to know not only the
grade of chrome ore but also the melting property of different chrome ore, which
contributes to the rational use of resources [42].

In recent years, microwave technology has attracted much attention because
microwave energy is a new type of heating energy that is clean and efficient [43–
46]. The biggest advantage is that the powder material can be heated selectively
[47–50]. It can simple and efficient processing and utilization of ferrochrome
powder.
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Study on Separation of Sn-Sb Alloy
by Vacuum Distillation

Yanjun You, Zhenghao Pu, Yifu Li, Bin Yang and Junjie Xu

Abstract Sn-Sb alloy is the secondary resources of tin and antimony in metal
recovery process and massively exist in the smelting and refining of crude tin.
Vacuum distillation has many advantages such as high recovery efficiency, less
pollution and easy operation in disposing of the Sn-Sb alloys. In this study,
important factors of Sn-Sb alloy separation by vacuum distillation were researched,
which includes distillation temperature, soaking time and feeding materials
(thickness). The optimal experimental conditions of Sn-Sb alloy for vacuum dis-
tillation were determined. Under these conditions, temperature was 1474 K,
soaking time was 45 min and feeding materials (thickness) were 125 g(0.8 cm), the
content of Sn in liquid phase was 98.77%, and the content of Sb in gas phase was
98.77% and the direct yield of Sn was 96.01%. It was indicated that vacuum
distillation is an effective method for Sn-Sb alloy separation and tin and antimony
collection.
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Introduction

Tin and antimony are widely used in the fields of information technology industry,
biological industry, new material industry and so on with excellent physical and
chemical properties [1–4]. However, tin and antimony resources storage guarantee
period worldwide is shorter, while the consumption of tin and antimony persistently
high, and simply relying on ore mining has been impossible. Vigorously developing
renewable resources is one of the solutions of the contradiction between the
shortage of mineral resources and consumption growth.

Sn-Sb alloy is the secondary resources of tin and antimony in metal recovery
process, also existing in the smelting and refining of crude tin [5]. Vacuum distillation
is a newkind offieldmetallurgymethod,which is carried out in a closed containerwith
the characteristics of high efficiency and cleanliness [6]. It can effectively solve the
problems such as long process, high energy consumption, low yield and poor eco-
nomic benefit in traditional metallurgical method of separation of alloy. Vacuum
distillation has been widely used in the separation of alloys and the refining of crude
metals [7]. KunmingUniversity of Science and Technology has been engaged in small
scale, expanded and industrialized experiments of alloy separation for many years and
achieved good results in those experiments [8, 9]. However, there is less researchwork
on theoretical basis and further work is needed.

Theoretical Basis

The principle of vacuum distillation to separate two components of the alloy is the
difference of saturated vapour pressure. The greater saturated vapour pressure, the
easier the metal will be volatile. At the same time, the one having lower saturated
vapour pressure will exist in liquid phase. Thus, it can achieve the purpose of
separation of two components and the greater the difference, the greater the sepa-
ration effectiveness [10]. The relationships between saturated vapour pressure and
temperature for tin and antimony are shown in Fig. 1.

From Fig. 1, it can be easily seen that the saturated vapour pressure of each
component increases with the increase of temperature. The saturated vapour pres-
sure of antimony is greater than tin. It means that under the suitable conditions,
antimony can be volatilized into the gas phase, so that tin can be separated simply.

Methods

Experimental Procedure

A sample of the Sn-Sb alloy system for experiments was obtained from a factory in
China. The chemical composition of the sample is shown in Table 1. The
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experiments were carried out in the vacuum furnace shown in Fig. 2. The range of
working pressure for the vacuum furnace is 1 Pa to atmospheric pressure, and the
working temperature is from normal temperature to about 2000 K. The vacuum
furnace adopts silicon-controlled transformer to controlling temperature and mea-
sures the residual gas pressure by stand McLeod vacuum gauge. Temperature
detection system was comprised by Pt-100 probes which connects to a digital
temperature metre (ANTHONE LU-900M) and predicts to 0.01 K. The residual gas
pressure can be measured. The sample was placed in the graphite crucible at the
constant temperature zone of the vacuum furnace after accurate weighing and
drying treatment. When the vacuum degree met the requirement, the
silicon-controlled transformer was regulated. The vacuum furnace should do heat
preservation processing when it was heated to the preset temperature. Switch the
power off when the experiment was over. Intake valve was opened to make sure the
pressure in the furnace reach to the atmosphere when the temperature was below
373 K. Then, the furnace was opened to collect residues and volatiles, respectively.

The recovery can be calculated by the formula as follow:

Recovery ¼ x0i � m
xi � m

� �
� 100 ð1Þ

where xi is the content of i in raw material, xi′ is the content of i residue, m is the
weight of the feeding materials, m′ is the weight of the residue.
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Fig. 1 The relationships
between saturated vapour
pressure and temperature for
tin and antimony

Table 1 Chemical
composition of raw materials

Sample XSn XSb

Raw material 0.513 0.487
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Results and Discussion

The Effect of Distillation Temperature

As shown in Table 2, Sn-Sb alloy was subjected to the distillation temperatures in
the range of 1173–1673 K, while soaking time was 35 min, weight of feeding
materials was 125 g(0.8 cm) and pressure being 5 Pa. The effect of distillation
temperature on the content in liquid phase and gas phase was analyzed.

Figure 3 indicates the volatilization rate of Sn and Sb is small, and the
volatilization rate of Sb is much larger than that of Sn at 1173 K, the content of Sb
in liquid phase still 23.05%. When the distillation temperature rises to 1473 K, the
volatilization of Sn cannot be ignored. When the temperature continues to rise, it is
not conducive to recycling Sn because it began to evaporate into the gas phase
largely.

The influence of the distillation temperature on the Sn content in the liquid phase
and the direct yield of Sn is shown in Fig. 4. When the distillation temperature is
less than 1473 K, the liquid phase content of Sn increased rapidly from 76.89%
(1173 K) to 98.56% (1473 K) with distillation temperature, the growth rate is
28.18%; when the distillation temperature is higher than 1473 K, the liquid phase
content of Sn increases rapidly from by 98.56% (1473 K) to 99.52 (1673 K), the
growth rate of only 1%, but the direct yield of Sn decreases rapidly with the
distillation temperature increasing. Integrating of all factors, the optimum distilla-
tion temperature was determined as 1473 K.

Fig. 2 Schematic diagram of
the internal structure of the
vertical vacuum furnace: 1
—furnace cover; 2—vacuum
furnace body; 3—furnace
chassis; 4—electrode;
5—condensation plate;
6—observation hole;
7—thermal insulation sleeve;
8—heater; and 9—crucible
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The Effect of Soaking Time

As shown in Table 3, Sn-Sb alloy was subjected to the distillation temperature
1473 K, while soaking time was in the range of 15–65 min, weight of feeding
materials was 125 g(0.8 cm) and pressure being 5 Pa. The effect of soaking time on
the content in liquid phase and gas phase was analyzed.

Table 3 indicates that with the increasing of soaking time, the content of Sn in
liquid phase is increasing, but the direct yield of Sn is declining. Figure 5 shows the
effect of soaking time on the content of Sn in liquid phase and gas phase. The
content of Sn in liquid phase is 97.13%, Sb is 2.85%, meanwhile, the content of Sn
in gas phase is 5.29%, Sb is 94.71% when soaking time is 15 min. Extending the
soaking time to 45 min, the content of Sn in liquid phase increases to 98.79%.

Table 2 The experimental results for the influence of distillation temperatures

Distillation
temperature/K

Quantity/
g

Liquid phase Gas phase Direct yield
of Sn/%Sn/% Sb/% Quantity/

g
Sn/% Sb/% Quantity/

g

1173 125.34 76.89 23.05 83.05 1.05 98.95 42.29 99.31

1273 124.79 85.57 14.41 73.32 2.48 97.52 51.47 98.00

1373 125.04 92.34 7.59 66.52 4.65 95.35 58.52 95.76

1473 124.87 98.56 1.42 61.09 6.03 93.97 63.78 93.99

1573 124.91 99.07 0.88 57.81 10.14 89.86 67.1 89.38

1673 125.05 99.52 0.47 54.68 14.03 85.97 70.37 84.61

Fig. 3 The relationship between the composition of a liquid phase and b gas phase and
distillation temperature
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However, when the soaking time is 55 min, the content of Sn in liquid phase
decreases, which may due to the error of the experimental operation or test. The
growth rate of Sn in liquid phase is slowed down when the soaking time is more
than 45 min, so it will not significantly increase the content of Sn in the liquid
phase.

The influence of the soaking time on the content of Sn in the liquid phase and the
direct yield of Sn is shown in Fig. 6. With the increasing of soaking time, the
content of Sn in liquid phase increased, while direct yield of Sn decreased. When
the soaking time is more than 45 min, the growth of direct yield of Sn decreased,
while the content of Sn in liquid phase tends to be unchanged. Therefore, con-
sidering the effect of soaking time on the content of Sn in the liquid phase and the
direct yield of Sn, the optimal soaking time is 45 min.

Fig. 4 Effect of temperature on the content of Sn in liquid phase and the direct yield of Sn

Table 3 The experimental results for the influence of soaking time

Soaking time/
min

Quantity/
g

Liquid phase Gas phase Direct yield of
Sn/%Sn/% Sb/

%
Quantity/
g

Sn/
%

Sb/% Quantity/
g

15 125.25 97.13 2.85 62.74 5.29 94.71 62.5 94.86

25 125.11 97.69 2.27 61.83 5.96 94.04 63.27 94.13

35 124.89 98.44 1.53 61.13 6.10 93.90 63.76 93.92

45 124.96 98.79 1.15 60.88 6.18 93.82 64.08 93.82

55 124.88 98.35 1.64 60.83 6.62 93.38 64.05 93.39

65 125.04 98.83 1.15 60.54 6.69 93.31 64.5 93.27
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The Effect of Feeding Materials (Thickness)

As shown in Table 4, Sn-Sb alloy was subjected to the distillation temperature
1473 K, while soaking time was 45 min, weight of feeding materials (thickness)
was in the range of 85 g(0.4 cm) to 185 g(1.4 cm) and pressure being 5 Pa. It is the
effect of feeding materials (thickness) on the content in liquid phase and gas phase.

Fig. 5 The relationship between the composition of a liquid phase and b gas phase and soaking
time

Fig. 6 Effect of soaking time on the content of Sn in liquid and the direct yield of Sn
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Figure 7 shows the effect of feeding materials on the content of Sn in liquid
phase and gas phase. When the weight of feeding materials (thickness) is 85.13 g
(0.4 cm), the content of Sn in liquid phase is 98.98%, Sb is 0.87%, meanwhile, the
content of Sn in gas phase is 6.54%, Sb is 93.46%, the content of Sn in liquid and
gas phase is higher. This is because the thickness of the material layer is small, the
mass transfer is faster in Sn-Sb alloy, and the volatilization is large of Sn and Sb.
The content of Sn in liquid phase is 98.77%, the content of Sb in gas phase is
98.77%, when the weight of feeding materials (thickness) is 125.05 g(0.8 cm).

The influence of the weight of feeding materials (thickness) on the content of Sn
in the liquid phase and the direct yield of Sn is shown in Fig. 8. With the increasing
of quantity of raw material, the content of Sn in liquid phase decreased, while direct
yield of Sn increased. When the weight of feeding materials (thickness) is more than
125.05 g(0.8 cm), the content of Sn decreases rapidly in liquid phase. Therefore,

Table 4 The experimental results for the influence of feeding materials (thickness)

Quantity/
g

Thickness/
cm

Liquid phase Gas phase Direct yield of Sn/
%Sn/% Sb/

%
Quantity/
g

Sn/
%

Sb/% Quantity/
g

85.13 0.4 98.98 0.87 41.21 6.54 93.46 43.91 93.42

104.87 0.6 98.83 1.04 51.52 5.40 94.60 53.35 94.64

125.05 0.8 98.77 1.17 62.36 4.08 95.92 62.69 96.01

145.00 1 98.51 1.28 72.38 4.25 95.75 72.76 95.85

164.79 1.2 98.25 1.54 82.74 3.96 96.04 82.05 96.16

185.04 1.4 97.99 1.94 93.22 3.90 96.10 91.82 96.23

Fig. 7 The relationship between the composition of a liquid phase and b gas phase and feeding
materials
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comprehensive consideration all the effects of feeding materials (thickness), the
optimal feeding materials (thickness) is 125 g(0.8 cm).

Conclusion

The experimental results indicate that Sn can be recovered from Sn-Sb alloy at
suitable distillation temperature, soaking time and feeding materials (thickness).
The optimum experimental conditions of Sn-Sb alloy for vacuum distillation are
distillation temperature of 1474 K, soaking time of 45 min and weight of feeding
materials (thickness) being 125 g(0.8 cm). Under this condition, the content of Sn
in liquid phase is 98.77%, the content of Sb in gas phase is 98.77% and the direct
yield of Sn is 96.01%. It provides an efficient and convenient method for Sn-Sb
alloy separation and tin and antimony collection.
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Statistical Optimization of Tungsten
Carbide Synthesis Parameters

Grant C. Wallace, Jerome P. Downey, Jannette Chorney,
Katie Schumacher and Trenin Bayless

Abstract Commercial methods for synthesizing tungsten carbide require large
energy inputs due to the high temperatures and grinding processes associated with
production. In this study, tungsten carbide was synthesized by adsorbing tungstate
anions from aqueous solutions onto an activated carbon matrix. The
tungsten-loaded precursor was carburized under mixtures of hydrogen, methane,
and carbon monoxide to produce tungsten carbide at temperatures significantly
lower than most commercial operations. Tungsten carbide was synthesized at
temperatures below 1000 °C with conversion to tungsten carbide exceeding 90%.
The adsorption and carburization processes were modelled and optimized using
experimental design techniques. The effects of time, temperature, initial tungsten
concentration, and pH were considered for modelling adsorption behaviour, while
carburization behaviour was modelled on the effects of time, temperature, carbon
content, and reducing gas composition. Carburization products were characterized
using X-ray diffraction and scanning election microscopy. The adsorption of
tungstate anions was measured using inductively coupled plasma optical emission
spectroscopy.

Keywords Tungsten carbide � Synthesis � Statistical optimization

Introduction

The group of materials known as ceramic carbides includes a wide range of
materials that vary greatly in terms of structure and properties. Metal carbides are
some of the hardest materials in existence. Known as hardmetals, metal carbides
such as tungsten carbide (WC) possess hardness values approaching that of
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diamond as well as being resistant to wear and chemical attack at relatively high
temperatures. Because of their ability to resist corrosion and abrasion, carbides have
been applied to a number of industrial applications where other traditional metals
do not perform as well. Such applications include high-temperature cutting tools,
drill bits, surgical implements, and alloying agents [1]. Research has also shown
that some hard metals possess catalytic properties. Tungsten carbide has been
shown to have catalytic abilities that are comparable to precious metal catalysts
such as platinum and palladium, [2] and molybdenum carbide (Mo2C) has been
shown to facilitate the production of synthesis gas (syngas) from methane gas [3].

Current methods of processing ceramic carbides are energy intensive. Most
carbides are produced at relatively high temperatures (>1500 °C) by reacting
metals, or oxide powders, with a source of carbon. Extensive milling operations are
then required to reduce the carbides into a fine powder for further use [1]. To
produce tungsten carbide, for example, tungsten oxide powders are first reduced
under a hydrogen (H2) atmosphere at temperatures ranging from 700 to 900 °C to
produce elemental tungsten powder. This tungsten powder is then mixed with
carbon and heated under H2 again at significantly higher temperatures (1400–
1600 °C) in order to convert the tungsten powder into tungsten carbide. Finally, the
tungsten carbide powder is crushed, ground, and sieved to produce commercial
tungsten carbide powder products [4].

The use of reducing gas atmospheres has reduced the operating temperatures
required to synthesize tungsten carbide. Tungsten carbide was synthesized under
mixtures of hydrogen and carbon-containing gases, such as CH4, at temperatures
lower than 1000 °C [5]. The reaction rate of the tungsten carburization reaction in
the presence of reducing gases (H2 and CH4) is dependent on a number of factors
including the partial pressures of the reducing gases and the size of the tungsten
particles. Research has indicated that the initial reaction between tungsten particles
and carbon-containing gases is controlled at the surface of the tungsten particles by
the CH4-W reaction. As the surface of the tungsten particles is carburized, the
reaction mechanism is believed to change to one controlled by diffusion of CH4

through the carburized surface layer [5].
Activated carbon is used in a number of industries to remove metals and metal

complexes from aqueous solutions. The use of aqueous solutions in the production
of carbide ceramics has shown potential in reducing the energy requirements
associated with carbide production. Tungsten and molybdenum ions have been
shown to readily adsorb from solution onto activated carbon in concentrations that
promote its use in producing tungsten-carbon precursors for carburization [6].
Tungsten and molybdenum adsorption onto activated carbon are improved by
low-pH solutions and the addition of NaCl to the solution [7]. The use of aqueous
solutions in the carburization process also has the potential to produce submicron
carbide particles. The mechanical properties of sintered carbide materials, partic-
ularly tungsten carbide, have also been shown to improve as the size of the tungsten
carbide crystals decreases in size [8].
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Experimental Procedure

Carburization Precursor Production

Sodium tungstate dihydrate and sodium chloride were added to 2 L of distilled
water to produce solutions with concentrations of 18,000 ppm tungsten and
5844 ppm sodium chloride. The pH of the solutions was lowered to approximately
2.0 using concentrated hydrochloric acid. A 50 g sample of activated carbon
(Sigma-Aldrich, −100/+400 Mesh) was added to each solution and the mixture was
agitated to allow the activated carbon to remain suspended in solution. After two
hours, the activated carbon was removed from the solution using vacuum filtration,
and the activated carbon was placed in a drying oven. The parameters for the
tungstate solutions were established through a design of experiments in order to
maximize tungsten loading onto the activated carbon matrix [9].

Carbide Synthesis

Carburization samples were prepared in 25 g batches by blending W-loaded pre-
cursor with virgin activated carbon in a ceramic ball mill for five minutes so that each
carburization sample was composed of 20–50% virgin activated carbon. This
preparation step was added because previous research indicated that additions of
virgin activated carbon increased the production of WC on the W-loaded precursor
[10]. The blended samples were placed inside a quartz kiln and heated inside an ATS
3210 rotary furnace to a temperature of 850–950 °C under argon gas at a rate of
5.3 °C/min. Once the kiln interior reached the desired final temperature, a reducing
gas mixture of methane, hydrogen, and carbon monoxide was introduced to the
furnace with the flow of each gas regulated by Omega flowmeters. The ratio of
methane to hydrogen gas was set at 2:1 or 8:1 for each carburization experiment, and
the total gas flow through the furnace was held at approximately 0.5 L/min. Samples
were held at the desired temperature for 6 or 8 h. Following carburization under the
reducing gas atmosphere, the samples were cooled back to room temperature under
an argon purge gas and removed from the furnace for analysis. The compositions of
the carburized samples were determined with X-ray diffraction using a Rigaku
Ultima IV diffractometer with a Cu-ka X-ray source. Qualitative analyses of all
samples were done using the whole pattern powder fitting method (WPPF).

Carburization Modelling

A preliminary response surface model of carburization behaviour was produced
using the statistical analysis software, DesignExpert 9 (StatEase Inc.). Eleven
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carburization experiments were used to model the effects of temperature, time, gas
composition, and activated carbon content on the conversion o6f the W-loaded
precursor to tungsten carbide. The WPPF data for the relative weight per cent of
tungsten carbide within each carburized sample was used to measure tungsten
carbide conversion. The WPPF data was fitted to an inverse square root transform
and a modified quadratic relationship. The preliminary model was verified using a
series of statistical diagnostics including analysis of variance (ANOVA) and Cook’s
distance.

Results and Discussion

The parameters and resulting relative weight percent values of tungsten carbide for
each of the eleven experiments used to model carburization of the W-loaded pre-
cursor are provided in Table 1.

From the data, it is evident that Experiment 6 produced the highest amount of
tungsten carbide with a composition containing 93.3% WC. This value for tungsten
carbide conversion was achieved at a carburization temperature of 950 °C, a
reaction time of 8 h, a gas composition containing a 8:1 ratio of methane to
hydrogen, and an activated carbon content of 20% of the total sample mass prior to
carburization.

A three-dimensional response surface model showing the effects of the four
parameters of interest on tungsten carbide production is presented in Figs. 1, 2 and
3. In each figure, tungsten carbide content is plotted on the z-axis, temperature is
plotted on the x-axis, and the amount of virgin activated carbon within each sample
prior to carburization is plotted on the y-axis. For each response surface presented,
the CH4: H2 ratio was set as 8:1 and carburization time was varied at 6, 7, and 8 h
so that the effects of temperature and activated carbon content could be observed

Table 1 Carburization results and experimental parameters

Experiment no. Time (h) Temp (°C) % Activated carbon CH4:H2 % WC

1 6 850 20 2 72.1

2 8 850 20 2 73.0

3 6 950 20 2 81.9

4 6 850 20 8 66.4

5 8 850 20 8 79.1

6 8 950 20 8 93.3

7 8 950 20 8 87.0

8 6 850 50 8 74.9

9 8 850 50 8 81.8

10 6 950 50 8 65.0

11 8 950 50 8 79.9
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without interference. Altering gas composition produced no significant effect on the
amount of tungsten carbide produced during carburization.

From the response surface diagrams, it is evident that tungsten carbide con-
version is significantly improved by increasing temperatures to 950 °C provided
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Fig. 1 Response surface model of WC conversion (time = 6 h)
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Fig. 2 Response surface model of WC conversion (time = 7 h)
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that the activated carbon content added to the W-loaded precursor prior to car-
burization remains low (20%). By comparing the variations on the carburization
model presented in Figs. 1–3, conversion to WC is shown to increase with
increasing carburization time.

The relationship between carburization temperature and the effect of activated
carbon content on tungsten carbide production is demonstrated in Fig. 4.

The relationship between activated carbon content and carburization temperature
and their effect on carburization was further investigated. The one-factor analysis
presented in Fig. 4 shows carburization as a factor of carburization temperature
when the activated carbon content is 20% of total sample mass (Fig. 4a) and 50% of
the total sample mass (Fig. 4b). The dashed lines in each chart represent the
boundaries of a 95% confidence interval within which the experimental results
should exist.

It is evident by comparing the two charts presented in Fig. 4 that increasing the
amount of activated carbon present in the samples beyond 20% of the total sample
mass induced a negative effect on tungsten carbide synthesis. An over-abundance of
activated carbon may act as a kinetic inhibitor, limiting the carburization reaction
by restricting contact between the adsorbed tungsten and the carbonaceous gas
mixture.

The negative effect of higher additions of activated carbon can also be seen in
the one-factor analyses presented in Fig. 5. Again, Fig. 5a represents the effect of
reaction time on tungsten carbide synthesis from samples containing 20% addi-
tional activated carbon, and Fig. 5b represents samples containing 50% additional
activated carbon.
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The additions of activated carbon greater than 20% are shown to significantly
reduce the total amount of tungsten carbide present within the carburized products.
The results presented in Fig. 5 indicate that additions of activated carbon should be
limited to 20% of the total mass of the precursor sample prior to carburization.

Conclusions

Tungsten carbide was synthesized at 950 °C under a reducing gas mixture of
methane, hydrogen, and carbon monoxide from a precursor material consisting of
tungstate anions adsorbed onto an activated carbon matrix. Conversion to the
desired tungsten carbide species, WC, was achieved with values exceeding 90%.

Experimental results were used to produce a preliminary model of carburization
behaviour for the W-loaded precursor. From this model, it was determined that
maximum conversion to tungsten carbide can be achieved through the use of
temperatures approaching 950 °C, a reaction time of 8 h, and an activated carbon
content that does not exceed 20% of the total mass of the sample prior to

Fig. 4 Effect of added activated carbon on carburization temperature-dependence
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Fig. 5 Effect of added activated carbon on carburization time-dependence
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carburization. Modelling carburization behaviour indicated that activated carbon
additions greater than 20% of the total sample mass reduced the conversion of the
W-loaded precursor to tungsten carbide and may kinetically inhibit this process.

Future Work

Further refinement of the response surface model through additional experimenta-
tion is needed in order to improve the fit of the model to the experimental data.
Additional work will also focus on applying these same modelling principles to
understand the carburization behaviour of precursors containing molybdate anions
on an activated carbon matrix.
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Effects of CeO2 on Melting
Temperature, Viscosity and Structure
of Mold Fluxes for Casting Rare Earths
Alloyed Steels

Zeyun Cai, Bo Song, Longfei Li and Zhen Liu

Abstract Effects of CeO2 on melting temperature, viscosity and structure of mold
fluxes for the continuous casting of rare earths alloyed heavy railway steels were
studied. Results showed that the melting temperature of mold fluxes with 0, 4, 8 and
12 wt% CeO2 contents were 1066, 1088, 1090 and 1102 °C, respectively.
Moreover, the viscosity values at 1300 °C were 0.40, 0.38 and 0.34 Pa s, but the
viscosity of slags with 12 wt% CeO2 could not be measured because slags were
solid. Therefore, the viscosity at 1300 °C decreased with the increasing of CeO2

contents, although the melting temperature increased. Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) confirmed that CeO2 enhanced the
de-polymerization of mold fluxes, and the relative percentage content of O2− in
melts increased, leading to the viscosity decrease at 1300 °C.

Keywords CeO2 � Melting temperature � Viscosity � Structure
RE steel

Introduction

Mold fluxes play the key role in the smooth process and producing high-quality
steels [1–4]. Mold fluxes mainly protect the steel from oxidation and insulation.
Besides, mold fluxes with reasonable viscosity properties and melting performance
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are beneficial in providing the lubrication and controlling the horizontal heat
transfer between the mold and the shell [5–7].

Rare earth has been used in steels to improve the tensile strength, wear resistance
and corrosion resistance. However, because of the manufacturing process of RE
alloy heavy rail steels, rare earth oxides enter the mold flux and the amount of rare
earth oxide is even up to 17.88% in previous literatures. Previous researches
showed that the viscosity decreased with the increasing content of any rare earth
additions [8, 9]. In addition, studies of the effect of rare earth oxides on the CaO–
Al2O3-based mold flux were reported, which presented that amounts of Li2O were
needed to balance the effect [10]. However, effects of CeO2 on CaO–SiO2-based
mold flux for casing the rare earth alloy heavy rail steel and the relationship of
viscosity and structure were not revealed.

In this work, effects of CeO2 on the mold flux for casing the rare earth alloy
heavy rail steel were studied and the relationship of viscosity and structure was also
discussed.

Materials and Methods

Experimental Slags

Reagent grade powders of CaO, SiO2, Al2O3, Na2CO3, CaF2 and CeO2 were used as
raw materials. CaO were calcined at 1000 °C in a muffle furnace for 10 h and others
were heated at 500 °C for 5 h to remove impurities and moisture. Firstly, all of them
were well mixed according to the required proportion of industrial mold fluxes for
continuous casting rare earths alloyed heavy railway steels to obtain the original
mold flux. Then 0, 4, 8 and 12 wt% CeO2 were added into the original mold flux to
get four experimental slags. Slags were grounded in the agate mortar with ethanol as
the mixing media. Finally, slags were put into the graphite crucible and melt in a
silicon molybdenum furnace at approximately 1400 °C for 30 min in Ar atmosphere
followed by water quenching to form glassy mold fluxes. Then part of dried glass
slags was crushed, grounded and screened through a 200-mesh sieve, and compo-
sitions were analysed using X-ray fluorescence (XRF) as shown in Table 1.

Melting Temperature Tests

The melting temperature of experimental slags was determined by the hemisphere
method as shown in Fig. 1 using RDS-04 automatic melting point tester. The
pre-melting mold fluxes were placed and uniformly mixed in an evaporating dish
with a little dextrin solution and made into cylindrical samples of u3 mm � 3 mm
using a sample preparation device. Cylindrical samples were compacted and pushed
out with a spring-loaded rod. All prepared samples were naturally dried for 24 h
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before measurement. Then cylindrical samples were placed on the gasket and
heated at rate of 5–10 °C/min during the test. The melting point was obtained when
the height of the sample became half of the original height during the heating
process. Experiments were performed at least three times.

Viscosity and Structure Tests

The rotating cylinder viscometer (Brookfield DV2T) was employed, and its sche-
matic diagram is shown in Fig. 2. The MoSi2 heating electric resistant furnace was
used for melting slags. A molybdenum crucible and a molybdenum bob with
Pt-30Rh thermal couple were employed to the rotating system. Before the test, the
viscometer should be calibrated at room temperature (25 °C) using standard oil
with known viscosity of 0.495 Pa s. The viscometer inaccuracy was less than 2%,
and viscosity values can be calculated using the equation as below:

g ¼ TK� SMC� 10
RPM

� Torque ð1Þ

where η is the measured viscosity, Pa s; TK is DV2T the torque constant of
0.09373; SMC is the spindle multiplier constant of 41.75; torque is the measured
value between 10 and 100%.

Fig. 1 Height change of
samples during the melting
point test

Table 1 Chemical composition of experimental mold fluxes

Sample number Composition (wt%)

CaO SiO2 Al2O3 Na2O CaF2 CeO2

1 27.35 39.79 6.46 11.95 14.45 0

2 25.46 38.14 6.27 11.44 14.64 4.05

3 24.94 37.01 6.11 10.68 13.33 7.93

4 22.94 35.56 5.83 10.08 13.87 11.72

5 23.04 34.81 5.90 11.19 11.17 13.89

6 22.50 33.99 5.77 10.93 10.89 15.92

7 21.94 33.14 5.16 10.66 10.62 18.03
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Then, 150 g pre-melting mold fluxes were placed into a molybdenum crucible
with the dimension of 38 mm and the height of 100 mm. Then samples were heated
at the rate of 10 °C/min from 25 to 1400 °C and held at 1400 °C for 20 min with
protective gas (90% Ar and 10% H2). Viscosity values were measured during the
cooling process. The Mo spindle was used to stir melts about 15 min before the
measurement to keep it stable.

Structure of glassy samples was analysed using Raman spectrometer (LabRAM
HR Evolution) and X-ray photoelectron spectroscopy (AXIS UltraDLD). Four kinds
of water-quenched samples were subjected to the room temperature Raman spec-
troscopic analysis. In this work, Raman spectra were recorded in the frequency
range (600–2000 cm−1), and measurement was performed using excitation wave-
length (532 nm). O1s XPS spectra were analysed by using a spectrometer. The main
O1s peak due to partial surface charging was calibrated by C1s. Peaks were fitted a
mixed Gauss–Lorentz function after subtraction of the background.

Results and Discussion

Effects of CeO2 on Melting Temperature

Specific melting temperatures of experimental mold fluxes are presented in Table 2,
and the function relationship of melting temperature with the CeO2 content was
shown in Fig. 3. The melting temperature increased with the addition of CeO2. The
melting temperature of mold fluxes without CeO2 was only 1066 °C. However,

Fig. 2 Schematic diagram of
inner cylinder rotating
viscometer
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when the CeO2 content was 18 wt%, the melting temperature of sample has
increased by nearly 150 °C compared to the slag without the addition of CeO2. The
increase of the melting temperature was ascribed to CeO2 with high melting tem-
perature of 2400 °C. The content of CeO2 in experimental mold fluxed should not
exceed 12 wt% since the melting temperature of the mold flux for casting rare
earths alloyed heavy railway steels is between 1050 and 1110 °C.

Effects of CeO2 on Viscosity

Effects of CeO2 on the viscosity of experimental mold fluxes are shown in Fig. 4.
For every curve, the viscosity value increased with the decreasing temperature, and
there was a breaking point during the cooling measurement. The breaking

Table 2 Melting temperature
of experimental mold fluxes

Sample
number

Melting temperature (°
C)

Mean value (°
C)

1 2 3

1 1067 1066 1066 1066

2 1089 1088 1088 1088

3 1090 1090 1090 1090

4 1104 1100 1102 1102

5 1162 1152 1167 1160

6 1186 1191 1176 1183

7 1206 1208 1217 1210

Fig. 3 Relationship of melting temperature with the CeO2 content
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temperature increased with the addition of CeO2. The breaking temperature of mold
fluxes without CeO2 was 1175 °C. When the CeO2 addition was up to 12 wt%, the
breaking temperature has been up to 1350 °C, which indicates that CeO2 enhanced
the crystallization of experimental mold fluxes.

Effects of CeO2 on viscosity values at some certain temperatures between 1375
and 1300 °C were presented in Fig. 5. The viscosity at same temperature decreased

Fig. 4 Effects of CeO2 content on the viscosity of experimental mold fluxes

Fig. 5 Effects of CeO2 content on the viscosity values from 1375 to 1300 °C
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with the increasing of CeO2. The viscosity values at 1300 °C of samples were 0.40,
0.38 and 0.34 Pa s, respectively. Viscosity values at 1300 and 1325 °C of mold
fluxes with 12 wt% CeO2 could not be obtained because the experimental mold flux
has almost become solid, which is beyond the measurable range of the viscosity.
Thus, the addition of CeO2 should be lower than 12 wt%, which indicates that the
mold flux was not applicable to the continuous casting process of rare earths alloyed
heavy railway steels. In conclusion, CeO2 increased viscosity values and the
breaking temperature, which is equivalent to enhancing the crystallization ability.

Effects of CeO2 on Structure

Raman Spectra Analysis

Raman spectra signals of experimental mold fluxes with 0, 4, 8 and 12 wt% CeO2

at room temperature were shown in Fig. 6. The Raman peak of every curve mainly
appeared in two regions, the medium frequency region of 600 cm−1

–800 cm−1 due
to the stretching vibration of bridging oxygen and the high-frequency region of
800 cm−1

–1100 cm−1 corresponding to the bending vibration of bridging oxygen
[11, 12]. The Raman shift of the band at about 650 cm−1 was almost unchanged,
but the Raman peak of the band at about 970 cm−1 shifted to the left region.
Previous literatures reported that different alkaline cations affected the Raman peak
position [13]. Specific analyses can be seen as below.

Deconvolved results of Raman signals in Fig. 6 using Gaussian deconvolution
methods similar to the one proposed by Mysen et al. are presented in Fig. 7 after the
background subtraction. All Raman peaks in high-frequency region were fitted, and
there were four peaks. Actually, five kinds of Si–O tetrahedron exist in glassy
silicate. Q0 is (SiO4)

4− with zero bridging oxygen in a monomer structure unit, Q1 is
(Si2O7)

6− with one bridging oxygen in dimmer structure unit, Q2 is (Si2O6)
4− with

two bridging oxygen in chain structure unit, Q3 is (Si4O11)
6− with three bridging

oxygen in sheet structure unit, and Q4 is (SiO2)
0 with four bridging oxygen in

network structure unit [11, 12]. Q0, Q1, Q2, Q3 and Q4 Raman bands are presented
at 850–880, 900–930, 950–980, 1040–1060 and 1200 cm−1, respectively.

For finding out the change of the structural network, area ratios of Qi Raman
peaks were introduced to represent the amount of Qi. The area ratio is shown in
Fig. 8. With the continuous increasing CeO2, area ratios of Q0 and Q1 increased, Q2

increased firstly and then decreased, and Q3 decreased all the time. It indicated that
CeO2 enhanced the de-polymerization of the structural network and played the role
of network modifier.
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Fig. 6 Raman spectra signals of studied samples with different contents of CeO2

Fig. 7 Analysis of Raman spectra of experimental mold fluxes a CeO2 = 0 wt% b CeO2 = 4 wt%
c CeO2 = 8 wt% d CeO2 = 12 wt%
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XPS Spectra Analysis

Three different kinds of oxygen units exist in glassy silicate, such as O0 bonded to
two silicon cations, O− connected with a single silicon cation, and O2− associated
with no silicon cation. In Fig. 9, effects of CeO2 content on structure of mold fluxes
are shown, which revealed deconvoluted XPS results and peaks of different oxygen
forms. Statistical results of the mole fraction of O0 and O2− are presented in Fig. 10.
The amount of O0 decreased with the increase of CeO2, but the mole fraction of O2−

increased. Newly introduced O2− supplied by CeO2 could decrease the viscosity
value by de-polymerizing the structural network and reducing the amount of
strongly bonded O0 and increasing the fraction of O2−.

Conclusions

Effects of CeO2 content on melting temperature, viscosity and structure of mold
fluxes for casting rare earths alloyed heavy railway steels have been studied, and the
relationship of viscosity and structure has been discussed. The conclusions are as
follows:

(1) CeO2 increased the melting temperature, and the content of CeO2 in experi-
mental mold fluxes should not exceed 12 wt%. CeO2 decreased the viscosity
and the breaking temperature, and the reasonable fraction should be lower than
12 wt%.

(2) CeO2 decreased the viscosity by playing the role of network modifier in
structural network of mold fluxes and introducing the increased amount of O2−.

Fig. 8 Area ratios of
different bands in four
experimental mold fluxes
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Experimental Study on the Mechanism
of Lead Vapor Condensation Under
Vacuum

Huan Zhang, Zhenghao Pu, Yifu Li, Junjie Xu, Baoqiang Xu
and Bin Yang

Abstract Under vacuum conditions, ranging 5 to 80 Pa, orthogonal experiments
were conducted by controlling the distillation temperature and holding time to study
the lead vapor condensation conditions and nucleation growth mechanism. The
results showed that the condensing temperature range of lead vapor concentrates in
the region between 510 and 720 °C. Among them, the condensation effect was best
in the region from 550 to 660 °C, and more than 80% of the lead condensed in this
region. When the ambient pressure changed from 5 to 80 Pa, the temperature of the
lead vapor condensate would change around 50 °C. By scanning electron micro-
scopy, the condensation of lead vapor was found to be droplet condensation. The
presence of temperature, pressure and gas all affected the nucleation and growth of
lead. As the degree of undercooling increases, the condensed particles of lead
gradually decreased.
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Introduction

Lead has made a significant contribution to the development of human society and
the progress of civilization. Lead and lead compounds could be used in the battery,
construction, transportation, ceramics, glass, rubber, petrochemical and metallur-
gical industries [1–4]. Among them, lead storage batteries were the most widely
used. Lead was the world’s highest metal recycling rate. Common lead wastes
included lead-acid batteries and lead-smelting slag. This type of lead-containing
waste contained certain toxicity. China’s renewable lead resources were very large
and increased year by year. In recent years, lead-acid batteries in China have
consumed more than 3 million tons of lead per year. The scrapped lead-acid battery
was also increased accordingly. At the same time, with the decline in the quality of
raw ore in recent years, slag produced in large quantities. Generally, for every 1 ton
of crude lead produced, 1–2 tons of slag would be produced. The resulting slag
volume is 3–6 times that of crude lead. Such wastes were piled up for a long time,
which polluted the environment and wasted resources. Therefore, it is necessary to
recycle lead-containing waste.

The main components of lead storage batteries were lead, lead paste, electrolytes
and other materials. The recycling methods of waste lead were mainly divided into
three types, namely fire method, wet method, fire method and wet method com-
bination. The fire process was often smelted using a conventional reverberatory
furnace. However, reverberatory furnace smelting led to a large lead loss due to its
low productivity. The most advanced method for treating waste lead storage bat-
teries was osmite furnace smelting. This method had high productivity and could
produce soft lead and lead-bismuth alloys. However, the furnace spray gun was
easy to be ground. Due to the many problems of the fire treatment of waste lead
storage batteries, it was difficult to meet environmental protection requirements.
Therefore, extensive research has been carried out at home and abroad in recent
years, such as RSR process, Placid process, USBM process and solid phase elec-
trolytic reduction method. [5–9]. The main mechanism of these methods was the
desulfurization of the lead paste. It was then dissolved with a certain reagent to form
an electrolyte. Finally, lead was obtained by electrolysis. The main methods for
treating lead-containing slag were rotary kiln method, electric furnace method and
smouldering method [10–12]. Among them, the tobaccoification method was a
widely used method in the industry.

Vacuum technology had the advantages of high resource utilization, low pol-
lution, low labour intensity, etc. It was widely used in the process of removal of
volatile impurities in alloy separation and metal refining. Therefore, in this paper,
lead was used as raw material, and the condensation experiment was carried out
under vacuum conditions. The effect of vacuum and residence time on the con-
densation temperature region was investigated.
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Theoretical Calculation

Pure Metal Boiling Temperature

Through calculation, the boiling temperature of lead at different pressures was
obtained. It could be seen from Table 1 that at 13 Pa, the boiling temperature of
lead was 837 °C. In the experiment, since the vacuum degree of the furnace can
only reach about 30 Pa, the initial heating temperature was set to 900 °C.

Pure Metal Saturated Vapor Pressure

The saturated vapor pressure of pure metals was the basis for vacuum distillation of
alloys. There are many relationships between saturated vapor pressure and tem-
perature. But the calculation results for each formula were similar. Equation 1 was
the relationship between saturated vapor pressure and temperature. Table 2 showed
the saturated vapor pressure constants of lead.

lg p ¼ AT�1 þB lg T þCT þD ð1Þ

According to the evaporation constant of lead in Table 2 and Eq. 1, a schematic
diagram of the relationship between lead saturated vapor pressure and temperature
was plotted, as shown in Fig. 1. It can be seen from Fig. 1 that the lead saturated
vapor pressure increases at a power level between 300 and 1800 °C. It shows that,

Table 2 Vapourization
constant of saturated vapor
pressure of As and Pb

Element A B C D

Pb −10130 −0.985 0 13.28

0 400 800 1200 1600
-24

-20

-16

-12

-8

-4

0

4

 Pblo
g
p(

Pa
)

Temperature,T(°C)

Fig. 1 Diagram of saturated
vapor pressure versus
temperature for Pb
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when the temperature raised, the evaporation rate of the metal is increased, and the
holding time was shortened.

Experimental

Raw Materials and Equipment

The experimental material was an alloy of 6 N lead (99.9999%) produced by a
Chinese company. The experimental equipment adopted the vacuum tube furnace
of fractional condensation. As shown in Fig. 2, the setup consists of one quartz tube
forming two distinct zones for: (1) volatilization zone (2) condensation zone.
A total of 14 thermocouples were arranged from left to right. The distance between
the first 5 thermocouples was indefinite. The distance between NO.5 and NO.6
thermocouple was 5.4 cm. And the distance between the other thermocouples was
2.7 cm. The temperature difference between the inside and outside of the pipe wall
was 30 °C by the temperature calibration test.

Method and Procedure

The experimental variables were the two factors of holding time and distillation
temperature. The experimental conditions were as shown in Table 3. Metal
recovery in the experiment can be expressed as formula (2).

x ¼ m1

m2
� 100% ð2Þ

Fig. 2 Schematic of the vacuum tube furnace of fractional condensation
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where x is the metal yield, m1 is the mass of metal collected after condensation and
m2 is the mass of the material.

The system pressure was 30 Pa. When the set temperature was reached, lead was
pushed to the heating zone in a horizontal tubular. The low temperature part of the
tube was used as condenser to condensed lead vapor. Measurements of the axial
temperature profile, calculation of volatilization rates and analysis of condensation
products within the condenser allowed for identification of condensation
temperatures.

Results and Discussion

The evaporation temperature was set at 900, 950, 1000 and 1050 °C. The holding
time was 60 min, 80 min and 100 min, respectively. The experiment was carried
out at a pressure of 1–50 Pa. Figure 3 was a graph showing the results of the
experimental lead vapor condensation experiment of 5#. It could be found from the
figure that the lead was condensed on the graphite foil and had a grey-black drop
structure. The purity of the condensate Pb was detected to be above 99.99%.

Tables 4 and 5 showed the temperature distribution and condensate. Among
them, the thermocouples were recorded in the order of the tube furnace from left to
right (serial number) (the thermocouple temperature was the data when the furnace
temperature was relatively stable). The condensing mass was the mass of lead
condensate between two adjacent thermocouples.

It could be seen from the table that as the temperature of the heating zone
increased, the temperature gradient in the tubular vacuum furnace increased. When

Table 3 Experimental
design of vapor condensation
of arsenic

Holding time/min 60 80 100

Distillation temperature/°C 900
950
1000
1050

Fig. 3 Pb vapor condensation experimental results
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the heating time was 60 min, the four groups of 1#, 4#, 7# and 10# experiments, the
temperature of the heating zone was sequentially increased by 50 °C (thermocouple
No. 3). The temperature difference between the 2–3 thermocouples on the right side
of the heating zone was still maintained at around 40 °C. The temperature differ-
ence of the rightmost thermocouple had been reduced to about 20 °C. It was the
right end close to room temperature, although the temperature of the heating zone
was different. But as the distance from the heating zone increased and approaches
room temperature, the temperature gradient reduced. When the heating temperature
was 950 °C, the temperature gradients of the 4#, 5# and 6# experiments were
similar, and the temperature difference between them was only about 20 °C.
Cross-comparison 3# and 4# experiments, although the heating zone temperature
and holding time of the two groups were different. However, the experimental
temperature gradients were similar in both groups, and the lead condensation
positions were similar. Ten sets of experimental metals had higher recovery rate.

Table 5 Pb vapor condensation experiment condensate mass table (g)

Experiment
number

4–
5

5–6 6–7 7–8 8–9 9–
10

10–
11

Not
evaporated

Raw
material

Recovery
rate

1# (900 °C,
60 min, 10 Pa)

3.21 4.12 2.20 0.49 10.08 99.40%

2#(900 °C,
80 min, 10 Pa)

1.54 4.28 4.17 10.02 99.70%

3# (900 °C,
100 min,
10 Pa)

5.18 3.76 1.06 10.05 99.50%

4# (950 °C,
60 min, 10 Pa)

5.67 3.43 0.98 10.11 99.70%

5#(950 °C,
80 min, 20 Pa)

2.91 5.38 1.65 10.05 98.91%

6# (950 °C,
100 min,
20 Pa)

5.19 4.11 0.75 10.10 99.50%

7# (1000 °C,
60 min, 20 Pa)

0.42 4.87 4.02 0.72 10.09 99.41%

8# (1000 °C,
80 min,20 Pa)

3.46 4.28 2.25 10.04 98.50%

9# (1000 °C,
100 min,
20 Pa)

0.61 4.48 3.96 0.85 9.97 99.30%

10#(1050 °C,
60 min, 40 Pa)

5.74 3.38 0.85 10.07 99.00%

11# (1050 °C,
80 min, 40 Pa)

0.49 4.92 3.41 1.18 10.08 99.21%

12# (1050 °C,
100 min,
40 Pa)

2.10 4.87 2.67 0.31 10.02 99.30%
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Based on the data listed in Tables 4 and 5, the results of the twelve sets of
experimental results were shown in Fig. 4. In the figure, the abscissa was the length
from the left to the right of the tube furnace, the red curve indicated the temperature
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gradient of the tube furnace, and the blue bar graph indicated the mass of the
condensate lead.

Known by (a), lead was condensed in the middle of the tube furnace. There was
a mass of 3.21 g of condensate between the temperatures of 604.2 and 798.3 °C.
There was 4.12 g of condensate between 537.3 and 604.2 °C. There was 2.20 g of
condensate between 472.3 and 537.3 °C. Due to the large distance between the
thermocouple NO.5 * NO.6 in the experimental equipment, although there was
partial condensation in the experiment 1# between the thermocouple
NO.5 * NO.6, that is, between 604.2 and 798.3 °C. However, almost all of them
were 1 cm near the thermocouple NO.6, and the distance from the thermocouple
NO.5 was large (4 cm). Therefore, when the distillation temperature was 900 °C
and the holding time was 60 min, the lead condensation was concentrated in the
region between 540 and 700 °C.

From (b) to (i), the experiment 2# * 9# situation was similar to the 1# con-
clusion. As can be seen in Figure (j), the temperature gradient in the tube furnace
was higher than the previous groups due to the higher temperature in the heating
zone. The lead condensation area moved to the right but was the same as the
previous sets of experiments. When the distillation temperature was 1050 °C and
the holding time was 60 min, the lead condensation was concentrated in the region
between 530 and 680 °C. The rules in (k) and (l) were similar to those in figure (j).
However, the temperature gradient in the tube furnace was higher and the con-
densation area was again shifted to the right.
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Compared the three groups of experiments #1, 2# and 3#, the heating zone
temperature was 900 °C, but the holding time was different. Most of the lead was
condensed between 520 and 710 °C. Cross-contrast 3#, 4# and 9#, 10# experi-
ments, the heating temperature and holding time of the four sets of experiments
were different. However, the temperature gradients were similar. Lead condensed at
520–690 °C.

Scanning electron microscopy analysis was performed on the three condensation
zones a, b and c in Fig. 3. The results are shown in Fig. 5. By comparing Fig. 4e
and Fig. 5, it was found that the temperature at the position of a was about 660 °C.
The lead condensation particles were about 150 lm. As the temperature decreases,
the temperature at the position of b dropped to about 560 °C, and the condensation
particles became about 60 lm. As the temperature continued to decrease to 510 °C,
the degree of supercooling increased, and lead condensate particles of about 5 lm
can be observed at the position of c.

Conclusion

When the ambient pressure was 5–10 Pa, the lead condensation concentrated in the
region between 510 and 720 °C. Wherein the 550–660 °C region had the best
condensation effect, that is, more than 80% of the lead was condensed in this
region. The condensation of lead in the graphite foil was in the form of drops. The
presence of temperature, pressure and gas could affect the nucleation and growth of
lead. And as the degree of supercooling increases, the lead condensation particles
became smaller.

Acknowledgements The authors were grateful for financial support from the National Nature
Science Fund of China (grant NO. 51,504,115), the NSCF-Yunnan Joint Fund (grant NO.
U1502271) and the National Key Research and Development Program of China (grant NO.
2016YFC0400400).

Fig. 5 Scanning electron micrograph of Pb condensate
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Effect of Al on the Formation of IAF
in Al–Ti–Mg Deoxidized
and RE-Treated Steel

Xiaokang Cui, Bo Song, Zhen Liu and Longfei Li

Abstract To clarify the effect of aluminium on the formation of intragranular
acicular ferrite (IAF) in Al–Ti–Mg deoxidized and rare earth-treated steels with
different S content, the thermodynamic calculation and scanning electron micro-
scope (SEM) with energy dispersive spectrometer (EDS) were used to study the
distribution and composition of inclusions. The results showed that the addition of
Al led to the increase of mean size of effective inclusions. With the content of Al
increasing from 0.0027 to 0.0086 wt%, the main inclusions in the low S steels
changed from La2O3 to LaAlO3 and the proportion of IAF decreased rapidly.
However, the inclusions in the high S samples were mainly composed of La2O2S or
LaAlO3 and MgO with MnS precipitating on the surface of them. As the Al content
increased from 0.0030 to 0.0097 wt%, the main composition of core evolved from
La2O2S to LaAlO3, but the proportion of IAF slightly changed. As the Al content
approached 0.03 wt%, the proportion of IAF decreased rapidly and a plenty of
upper bainite or widmanstatten were discovered.
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Introduction

With the service condition of steels becoming more and more complex, the
requirement for steels is more and more comprehensive, for example, the offshore
platforms, long-distance oil and gas pipelines require steel materials not only have
higher strength but also have better low-temperature toughness and better weld-
ability [1, 2]. Acicular ferrite (IAF) is a kind of interlocking structure with large
angle grain boundaries and high dislocation density. It cannot only refine grain
effectively, but also restrain crack extension due to the interlocking effect of grain.
Therefore, the strength and toughness of steel that contain a lot of IAF are improved
simultaneously.

A large number of studies [3–5] show that difference of deoxidizer has great
influence on the type, size, and quantity of inclusions and then affects the formation
of acicular ferrite. As an important deoxidizer in steel, Al has an important influence
on inclusions. Song et al. [6] reported that increasing the content of Al in RE-treated
steel was not conducive to the formation of acicular ferrite, and Zheng et al. [7]
reached the similar conclusion. However, Zhang and Farrar [8] reported that the
formation of Al2O3 contributes to the formation of IAF. Although a number of
mechanisms have been proposed for the nucleation of IAF, there are two most
widely accepted mechanisms, the inclusions having high coherency with ferrite [9]
and Mn-depleted zone (MDZ) forming around the inclusions [10–12]. With regard
to the origin of the local MDZ around inclusions, most researchers reported that the
MDZ was produced by MnS precipitation on the inclusions during the cooling
process.

The effect of Al on the formation of IAF in Al–Ti–Mg deoxidized and
RE-treated steel has not been studied. The aim of this work is to study the effect of
Al on the compositions, size distribution of inclusions, and the microstructures
evolution and discuss the nucleation theory of IAF in the steel with different S
content.

Experimental

In the experiment, molybdenum wire furnace was used to smelt electrolytic iron of
about 300 g in argon atmosphere. After the iron was melted in a corundum crucible
at 1600 °C, alloys were added to adjust the compositions of steel, as shown in
Fig. 1. After the smelting process, the experimental steels cooled to 1100 °C and
then crucible was taken out quickly and quenched into water. The steel composition
of each sample is shown in Table 1.

The samples were sectioned under the same process in the radius of 1/2 of
experimental steels. They were mechanically ground and polished to prepare
metallographic samples and then were etched for 4–5 s in 4 vol% nital. Optical
microscope (OM) was used to observe microstructure. SEM +EDS were used to
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observe the morphology of inclusions and analyse the composition of inclusions.
The size distribution of effective inclusions (inclusions that promote the acicular
ferrite formation) was analysed statistically.

Results and Discussion

Effect of Al on the Inclusion

The Effect of Al on the Composition of Inclusion

FactSage was used to calculate the equilibrium weight per cent of inclusions in
steels with S content of 0.0025 and 0.030 wt% with different Al content at 1600 °C.
As shown in Fig. 2a, in low S samples, when the Al content increases from 0 to
0.005 wt%, La2O3 inclusion disappear, LaAlO3 and La2O2S content increase sig-
nificantly. The content of various inclusions slightly change, when Al content
exceeds 0.005 wt%. As shown in Fig. 2b, in high S samples, when the Al content
increases from 0 to 0.005 wt%, the content of La2O2S inclusions decreases rapidly
and the content of LaAlO3 inclusions increases significantly. The content of

Fig. 1 Experimental procedure diagram

Table 1 Composition of each tested steels/wt%

Sample C Si Mn S Al Mg La Ti O Fe

AS1 0.11 0.23 1.61 0.0025 0.0029 0.0042 0.017 0.020 0.0059 Bal.

AS2 0.10 0.24 1.63 0.0026 0.0085 0.0043 0.016 0.019 0.0061 Bal.

AS3 0.10 0.25 1.59 0.0030 0.0220 0.0044 0.015 0.017 0.0054 Bal.

AS4 0.09 0.26 1.62 0.0300 0.0027 0.0044 0.016 0.018 0.0057 Bal.

AS5 0.10 0.25 1.61 0.0310 0.0097 0.0045 0.018 0.016 0.0046 Bal.

AS6 0.11 0.23 1.60 0.0330 0.0290 0.0040 0.017 0.018 0.0060 Bal.
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inclusions slightly changes with further increase of Al content. As the Al content
increase, the content of MgO basically has no change in two kinds of steels.

When the S content was low, the inclusions in sample AS1 were mainly MgO
and La2O3, and IAF was formed around the inclusions, as shown in Fig. 3a, b. In
sample AS2, the main inclusions were MgO and AlLaO3, and IAF was formed
around MgO, but not around LaAlO3, as shown in Fig. 3c, d. In sample AS3, the
main inclusions were MgO and LaAlO3, but there were not IAF formed around
inclusions, as shown in Fig. 3e. Moreover, there were not MnS being found on the
surface of inclusions in low S steels.

When the S content was high, the main inclusions were obviously spherical
composite with a two-layer complex structure. The main inclusions in AS4 steel
were MgO and La2O2S with MnS precipitating on the surface of them, as shown in
Fig. 4a, and IAF formed around the inclusions. The inclusions in AS5 were mainly
LaAlO3 and MgO with MnS on the surface of them, and the inclusions in AS6 were
the same with AS5. However, there were IAF nucleation around the inclusions in
sample AS5, but there was not IAF appeared around the inclusions in sample AS6,
as shown in Fig. 4b, c. The composition of the inclusions is basically in agreement
with the calculation results.

Effect of Al on the Size of Effective Inclusions

The size distributions of effective inclusions in AS1, AS4, and AS5 steels were
statistically analysed, as shown in Fig. 5. The size of the effective inclusions was
mostly at the range of 1–5 lm. The main size of effective inclusions of sample AS1,
AS4, and AS5 was 1–4 lm, 2–5 lm, and 2–5 lm, respectively. By comparing AS1
and AS4 samples, when the Al content was about 0.0030 wt%, it was found that the
average size of effective inclusion in the high S samples was 3.47 lm, and that in
the low S samples was 2.47 lm. The rise of sulphur content resulted in the increase
of the mean size of the effective inclusions. The formation of MnS on the oxide

Fig. 2 Calculated equilibrium weight per cent of inclusions in steels at 1600 °C a low S content
(0.0025 wt%) sample; b high S content (0.030 wt%) sample
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surface caused the increase of mean size of inclusions. By Comparing AS4 and
AS5, when the S content was about 0.03 wt%, the average size of inclusions
increased from 3.47 lm in AS4 steels to 3.72 lm in AS5 steels. The addition of Al
could lead to the increase of average size of effective inclusions.

Fig. 3 Micrographs and compositions of typical nonmetallic inclusions in the low S samples
a and b AS1; c and d AS2; e AS3
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Fig. 4 Micrographs and compositions of typical nonmetallic inclusions in the high S samples
a AS4; b AS5; c AS6

Fig. 5 Size distribution of
effective inclusions
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The Effect of Al on the Microstructure

Optical micrographs in Fig. 6 showed the microstructures of steels AS1, AS2, and
AS3. The microstructures of AS1 steel consisted of polygonal ferrite (PF), ferrite
side plates (FSP), and a lot of IAF which mainly nucleated on inclusions. In AS2
steel, only a small amount of IAF was found and upper bainite appeared. In the low
S steels, there was not MnS on the surface of inclusions, the main inclusions of AS1
were La2O3 and MgO, and that of AS2 were LaAlO3 and MgO. According to the
two-dimensional misfit (2-D misfit) theory, the small lattice misfit between inclu-
sion and a-Fe could facilitate IAF nucleation. Table 2 shows the lattice misfit
between inclusions and a-Fe. The misfit between LaAlO3 and a-Fe are bigger than
the misfit between La2O3, MgO, and a-Fe. That led to the content of IAF decreased
in AS2 steel comparing to AS1. As the content of Al increased further, the upper
bainite and/or widmanstatten ferrite side plate structure were dominant, as shown in
Fig. 6c.

Optical micrographs in Fig. 7 showed the microstructure of steels AS4, AS5,
and AS6. The microstructure of AS4 and AS5 consisted of a lot of IAF together
with a small amount of PF, when the Al � 0:097wt%. In high S samples, MnS
precipitated on the surface of La-containing inclusions. Yamamoto et al. [13] found
that the formation of MnS could cause the formation of MDZ. Although there was
no direct measurement of MDZ in this work, we could speculate that the MDZ was
formed around the inclusions and played an important role in inducing the nucle-
ation of acicular ferrite. When the content of Al reached 0.033 wt%, the upper
bainite and/or widmanstatten ferrite side plate structure were the dominant structure
just like AS3 steel.

The increase of Al content in both low S and high S specimens was not con-
ducive to the formation of acicular ferrite. Shim et al. [3] pointed out that Al could
change the microstructure mainly because Al had a greater oxygen affinity than Ti,
and Al2O3 was likely to replace Ti2O3 at high Al contents. Song et al. [6] had
studied the effect of Al content on microstructure of rare earth-treated C–Mn steel,
and he considered that higher Al content was detrimental to IAF formation.
Moreover, Al was ferrite stabilized element, and it could increase the temperature of
Ar3, promote the formation of grain boundary ferrite and bainite/widmanstatten and

Fig. 6 Microstructure with different content of Al in low S samples a AS1; b AS2; c AS3
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then inhibit the nucleation of acicular ferrite. Therefore, the content of Al ought to
be controlled in a lower range in these experimental steels.

Conclusion

In the low S steels, as the Al content increased from 0.0029 to 0.0085 wt%, the
main inclusions changed from La2O3, La2O2S, and MgO to LaAlO3, La2O2S, and
MgO. The evolution of inclusion caused the rise of the lattice misfit between a-Fe
and inclusions. Thus, the addition of Al inhibited the formation of IAF.

In the high S steels, as the Al content increased from 0.0027 to 0.0097 wt%, the
main inclusions changed from La2O2S + MgO + MnS to LaAlO3 + MgO + MnS.
IAF was formed around the inclusions. Mn-depleted zone played an important role
in promoting the nucleation of IAF. Therefore, the addition of Al hardly affected the
formation of IAF, but it resulted in the increase of the mean size of effective
inclusions.

Acknowledgements This work is financially supported by National Nature Science Foundation
of China under grant No. 51774024

Table 2 Lattice mismatch between inclusion and the a-Fe

Inclusion Lattice structure Lattice parameters a/nm a/aaFe 2-D misfit/%

La2O3 Cubic a = 0.3943 3.971 2.8 [6]

La2O2S Hcp a = 0.4062,
c = 0.6943

1.417 0.2 [6]

LaAlO3 Cubic a = 0.3807 1.328 6.1 [6]

MgO Cubic a = 0.4306 1.502 2.8 [4]

Fig. 7 Microstructure with different contents of Al in high S samples a AS4; b AS5; c AS6

412 X. Cui et al.



References

1. Shin SY, Oh K, Kang KB (2010) Improvement of Charpy impact properties in heat affected
zones of API X80 pipeline steels containing complex oxides. Mater Sci Technol 26(9):1049–
1058

2. He K, Edmonds DV (2002) Formation of acicular ferrite and influence of vanadium alloying.
Mater Sci Technol 18(3):289–296

3. Shim JH, Cho YW, Shim JD (2001) Effects of Si and Al on acicular ferrite formation in C–
Mn steel. Metall Mater Trans A 32(1):75–83

4. Wu Z, Zheng W, Li G (2015) Effect of inclusions’ behavior on the microstructure in Al–Ti
deoxidized and magnesium-treated steel with different aluminum contents. Metall Mater
Trans B 46(3):1226–1241

5. Ma W, Bao Y, Wang M (2014) Effect of Mg and Ca treatment on behavior and particle size of
inclusions in bearing steels. ISIJ Int 54(3):536–542

6. Song M, Song B, Yang Z (2017) Effects of Mn and Al on the intragranular acicular ferrite
formation in rare earth treated C–Mn steel. High Temp Mater Process Lond 36(7):683–691

7. Zheng W, Wu Z, Li G (2014) Effect of Al content on the characteristics of inclusions in Al–Ti
complex deoxidized steel with calcium treatment. ISIJ Int 54(8):1755–1764

8. Zhang Z, Farrar RA (1996) Role of non-metallic inclusions in formation of acicular ferrite in
low alloy weld metals. Mater Sci Technol 12(3):237–260

9. Bramfitt BL (1970) The effect of carbide and nitride additions on the heterogeneous
nucleation behavior of liquid iron. Metall Trans 1(7):1987–1995

10. Shigesato G, Sugiyama M (2002) Development of in situ observation technique using
scanning ion microscopy and demonstration of Mn-depletion effect on intragranular ferrite
transformation in low-alloy steel. J Electron Microsc 51(6):359–367

11. Kang Y, Han K, Park JH (2014) Mn-depleted zone formation in rapidly cooled high-strength
low-alloy steel welds. Metall Mater Trans A 45(11):4753–4757

12. Byun JS, Shim JH, Cho YW (2003) Non-metallic inclusion and intragranular nucleation of
ferrite in Ti-killed C–Mn steel. Acta Mater 51(6):1593–1606

13. Yamamoto K, Hasegawa T, Takamura J (1996) Effect of boron on intra-granular ferrite
formation in Ti-oxide bearing steels. ISIJ Int 36(1):80–86

Effect of Al on the Formation of IAF in Al–Ti–Mg Deoxidized … 413



Effect of Ce Treatment
on the Composition of Nucleation
Inclusion in Ti–Mg Complex Deoxidized
C–Mn Steel

Zhen Liu, Bo Song, Longfei Li, Zeyun Cai and Xiaokang Cui

Abstract FactSage software and SEM + EDS were introduced to determine the
composition of nucleation inclusion in Ce-treated Ti–Mg deoxidized C–Mn steel
with Ce content ranging from 0 to 0.036 wt%. The nucleation mechanism of in-
clusion in tested steels was investigated simultaneously. The experimental results
showed that the composition of inclusion in the Ti–Mg complex deoxidized steel
changed from MgO + MgAl2O4/MgTi2O4 + MnS to MgO + MgAl2O4/
MgTi2O4 + CeAlO3/Ce2O2S + MnS after Ce treatment, while there was no sig-
nificant change in the content of Ti(C, N). The mass fraction of Ce2O2S was
markedly increased with the increase of Ce. The addition of Ce enhanced the
probability of nucleation of acicular ferrite on inclusion. The nucleation mechanism
of acicular ferrite induced by inclusion containing Ce was manganese-depleted zone
(MDZ) based on the line scanning results and the low lattice mismatch between
Ce2O2S and ɑ-Fe.

Keywords Ce treatment � Composition � Nucleation inclusion
Ti–Mg complex deoxidized
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Introduction

Inclusions or complex precipitates had been usually considered as deleterious for
toughness of steel until a phenomenon, intragranular ferrite(IGF) nucleated on these
particles, being demonstrated. Followed that, Takemura and Mizoguchi [1] and
Mizoguchi and Takamura [2] presented “oxide metallurgy” attracting great interests
in the metallurgy field with the concept of adopting the second-phase particles to
microstructure controlling.

So far, numbers of cases applying “oxide metallurgy” to the heat-affected zone
(HAZ) in welding process proved to be successful since oxide inclusions instead of
precipitates which resolved in high temperature such as Ti(C, N) nucleated plenty
of IGF plates refining the microstructure as well as improving the toughness of
welding joints [3–6]. Meanwhile, choosing modification reactants, mainly deoxi-
dization elements or alloys, was also in hotspot for their direct interaction with the
activity of nucleation inclusions. Generally speaking, it experienced three devel-
opment phases from typical deoxidizing and alloying element Ti to strong deoxi-
dizers represented by Zr, Mg and Ce to complex deoxidizers employing both the
weak and strong deoxidization elements, which was proved to be more practical in
controlling the level of oxygen in steel [7, 8].

When it comes to complex deoxidization, however, systematic investigation
concerning Ce is rarely seen in the field, though Ce has good performances in many
fields as follows:

(a) strong deoxidizer and desulfurizer [9];
(b) modifying the inclusions, especially MnS [10];
(c) reducing the harm of residual elements such as Pb, As [9, 11];
(d) pinning the growth of austenite grain and refining the microstructure so as to

improve the mechanical properties of steel [12–14].

There is no doubt that Ce has many advantages over other elements, but it also
does have disadvantages like a coin having two sides. For instance, Ce treatment
may coarsen the inclusion enabling the size of them increasing which is not good
for the performances of materials. Nevertheless, it was reported that Mg addition
refined the size of inclusion [15–17], which may in turn make up for the short-
comings of Ce. Thus, study on the complex deoxidization concerning Ce and Mg is
of great significance for the industrial production.

According to the principle of complex deoxidization, adding the deoxidizers in
the order of weak to strong, the present paper studied the evolution of the inclusion,
especially the composition of those nucleation ones in Ti–Mg complex deoxidized
and Ce-treated C–Mn steel. The nucleation mechanism was discussed in terms of
the observed results by FE-SEM equipped with EDS as well as calculation results.
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Experimental

Molybdenum furnace with accuracy of ±2 °C was used to melt the samples.
During the whole of process of melting, argon gas was introduced to protect steel
from oxidation. The alloys of Ti–Fe, Ni–Mg and Ce metal were inserted into the
melt after the temperature rose to 1600 °C. Figure 1 shows the process of alloys
addition. The interval time was 5 min between alloys so that the alloy elements
could become homogenization. The corundum crucible as well as sample was
quenched in water after cooled to 1100 °C in furnace. Samples were cut from a half
of the radius of the tested steels to observe inclusions and microstructure and
analysed chemical composition of them. The chemical composition of tested steels
was listed in Table 1.

Fig. 1 Process of alloys addition

Table 1 Chemical composition of the experimental steels/wt%

Heat Ca Sib Mnb Pb Sa Nd Alb Oa Tib Mgb Cec

TM-B 0.17 0.37 1.35 0.03 0.031 0.0027 0.007 0.0052 0.014 0.0035 0

C-1 0.17 0.37 1.35 0.03 0.031 0.0027 0.0066 0.0049 0.014 0.0036 0.0059

C-2 0.17 0.37 1.35 0.03 0.031 0.0027 0.007 0.0057 0.014 0.0034 0.023

C-3 0.17 0.37 1.35 0.03 0.031 0.0027 0.007 0.0048 0.014 0.0034 0.036
aInfrared spectroscope (IR)
bInductively couple plasma atomic emission spectrometric (ICP-AES)
cInductively couple plasma mass spectrometry (ICP-MS)
dInert gas fusion thermal conductivity method (IGF-TC)
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The mass fraction of potential products was calculated by means of FactSage
software based on the analysis results in Table 1. And the Equilib-Scheil cooling
model as well as the FToxide and FSstel databases were used for the calculation.
FE-SEM and EDS were used to test the elements distribution and observe the
morphology of nucleation inclusions as well as the microstructure of samples.
Finally, line scanning analysis and lattice mismatch calculation were carried out to
illustrate the mechanism of nucleation.

Results and Discussion

The Formation Thermodynamics of Inclusions in Ce-Treated
and Ti–Mg Complex Deoxidized C–Mn Steel

The main constitution of inclusion in Ti–Mg deoxidized steel was MnS, MgAl2O4,
MgO, TiC, TiN and MgTi2O4, which was consistent with previous literature
[17–19]. AlCeO3 and Ce2O2S appeared after Ce-treated, while both formation
temperatures and mass fraction of MgAl2O4 and MgTi2O4 decreased sharply with
the increase of Ce. MnS was formed at the end of solidification of liquid iron
though Mn and S elements existed in various phases or inclusions at high tem-
peratures. The results suggested that it was when the Ce content increased to
0.023% that Ce played a role on desulphurization for MnS decreased significantly
and Ce2O2S became the dominant inclusion containing Ce. On the contrary,
Ti(C, N) changed little with the content of Ce (Fig. 2).

The Composition of the Nucleation Inclusions in Tested Steels

As illustrated in Fig. 3, the morphology of nucleation inclusion in tested steels was
spherical with multilayers. Meanwhile, the results of spectrum suggested that ele-
ments distribution varied both in a single inclusion and among the inclusions. The
domain composition of inclusion in Ti–Mg deoxidized sample was Mg–Al–Ti–O
complex inclusions with MnS coating the surface. Once Ce was added into the steel
with the range of 0.0059–0.023%, it reacted with O and S immediately, and thus,
the type of inclusion after Ce treatment became Mg–Al–Ti–Ce–O–S complex in-
clusion on the condition of the low content of Ce and Mg–Ce–O–S complex
inclusion in high Ce content, respectively. It was the same case with the sample
with Ce content as high as 0.036% except that Mg content in the inclusions
decreased sharply. Moreover, it indicated that Ce segregated in certain part of
inclusions where the corresponding grey value got maximum just as Fig. 3c, d
showed, which was due to a large number of electrons existing in Ce element gotten
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Fig. 2 Calculation results of inclusions in Ce-treated Ti–Mg complex deoxidized C–Mn steel by
FactSage, a and b TM-B, c and d C-1, e and f C-2, g and h C-3
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provoked. The phenomenon indicated that the Ce element was unevenly distributed
inside the inclusions.

Figure 4 shows the changes of Ti, Mg, Ce contents in inclusions of different
samples, based on the data of EDS. More than 40 inclusions were characterized.
According to the distribution of data, it could be indicated that more Mg and Ce
instead of Ti were composed of the inclusion. This was connected with the relative
activity of three elements reacting with oxygen. At the same time, it could also be
seen that the more Ce content is in the tested steels, the more Ce content is in
the inclusions. Combined with the results of calculation mentioned above, the
transformation of the composition for inclusion was in such manner:

Fig. 3 Morphologies and energy spectrums of nucleation inclusions in the tested steels a TM-B,
b C-1, c C-2, d C-3
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MgO + MgAl2O4 + MgTi2O4 to MgO + MgAl2O4 + MgTi2O4 + AlCeO3 to
MgO + Ce2O2S finally to Ce2O2S with MnS adhering to their surface all the time.

The Nucleation Mechanism of Inclusion
in Experimental Steels

According to the concept of oxide metallurgy, inclusions could nucleate acicular
ferrite as heterogeneous nucleation sites during the process of solidification and the
microstructure would be controlled eventually. In this way, there is hope that
microstructure could be optimized by optimizing the characteristics of inclusions.
As mentioned above, Ce modified the composition of inclusions greatly. Figure 5
shows the nucleation phenomenon of inclusions modified by Ce. According to the
figure, inclusions in both the TM-B and C-1 to C-3 played a part on nucleating
acicular ferrite during solidification. However, there were some differences between
them. On the one hand, the size of nucleation inclusions in TM-B was smaller than
other samples with Ce addition, the similar conclusion having been drawn by Zhang
et al. [20]. On the other hand, the average number of acicular ferrite laths nucleated
on a single inclusion was least in TM-B with a value of approximately 2, while the
number increased significantly after Ce treatment as shown in Fig. 6. It could be
concluded that the optimum of Ce content was about 0.023% in terms of the
nucleation activity of inclusions.

Detailed information accounting for AF nucleation on the inclusions was
obtained by literature and experimental results in terms of two popular nucleation
mechanisms: lattice mismatch mechanism and MDZ mechanism. Table 2 is the

Fig. 4 Ternary phase
diagram of the composition of
inclusions
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lattice mismatch between the inclusion and ɑ-Fe. Generally speaking, the smaller
the value is, the higher the nucleation activity of the inclusion is, and the critical
value of lattice mismatch is 6 [21]. Thus, it could be seen that MgAl2O4, CeAlO3,

Ce2O2S could be regarded as potential nucleation sites. When it came to MnS, its
formation consumed Mn in the matrix, enabling MDZ formed due to low trans-
formation coefficient of Mn in steel matrix. Manganese was known as austenite
stable element, and then, the transformation from austenite to ferrite surrounding
the inclusions would take place in higher temperature. The MDZ, therefore, con-
tributed to the nucleation of acicular ferrite. Figure 7 shows line scanning results of
inclusions in Ce-treated and Ti–Mg deoxidized steels. It suggested that the con-
centration of Mn fluctuated more drastically around inclusion of Ce-treated samples
compared with those in Ti–Mg deoxidized one. The fluctuation of Mn

Fig. 5 Morphology of acicular ferrite(AF) nucleated on inclusions in steels a, b and c TM-B; d,
e and f C-1; g, h and i C-2; j, k and i C-3
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concentration enables inclusions containing Ce more active in nucleating acicular
ferrite. Under the same conditions, tested steel named C-3 was, exceptionally,
unable to detect the MDZ around the inclusion, but its main inclusions Ce2O2S had

Fig. 6 Average number of ferrite plates nucleated on active inclusions with the increase of Ce

Table 2 Lattice mismatch
between the inclusion
and ɑ-Fe

Inclusion type Lattice mismatch References

MgAl2O4 0.6 [22]

CeAlO3 7.0 [23]

Ce2O2S 1.2 [23]

MnS 8.8 [24]

Fig. 7 Line scanning results of nucleation inclusion in the experimental steels a TM-B, b C-1,
c C-2, d C-3
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low lattice mismatch with ɑ-Fe, 1.2, which indicated that lattice mismatch domi-
nated in the condition of high Ce content when it was as high as 0.036%.

Conclusion

1. FactSage software calculation results suggested that Ce treatment modified
MgAl2O4 and MgTi2O4 significantly and played a part on desulphurization with
its content reaching 0.023 wt%. Accordingly, inclusions containing Ce changed
from CeAlO3 to Ce2O2S.

2. The observation results of SEM + EDS showed that Ce segregated into the
centre of inclusions, while Ti and Al decreased sharply on the same condition
with the increase of Ce content. MnS occupied the surface of them despite its
content decrease responding to Ce treatment. The observation results were
consistent with the calculated ones.

3. MDZ accounted for nucleation of acicular ferrite on the active inclusions under
low Ce condition, while it was mainly lattice mismatch that dominated this
activity of inclusions when Ce content was as high as 0.036 wt%.
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Effect of La Addition on Inclusions,
Microstructures, and High-Temperature
Mechanical Properties of As-Cast
FeCrAl Alloys

Yang He, Jianhua Liu, Yindong Yang and Alex McLean

Abstract The effects of La addition on the inclusions, microstructures, and
high-temperature mechanical properties of as-cast FeCrAl alloys were investigated
by using scanning electron microscope (SEM), energy disperse spectroscopy
(EDS), and hot tensile tests. The characteristics of inclusions were examined, and
further discussions focused on the analysis of thermodynamic calculations. The
results showed that after La addition, AlN inclusions were likely to have cores of
La-containing particles. Under the conditions of this study, La2O2S and La2O3

inclusions were the main La-containing precipitates and could act as the nucleus for
the heterogeneous nucleation of d-Fe to refine grains. The microstructure com-
parison of the two studied alloy ingots indicated that both the columnar and the
equiaxed grains were refined after La addition. A series of tensile tests were carried
out at temperatures from 973 to 1673 K under a constant strain rate of 1 � 10−3 s−1

to investigate the high-temperature mechanical properties. Both the tensile stress
and the hot ductility were improved at the studied temperatures after La addition.

Keywords FeCrAl alloys � La addition � Inclusions � Microstructures
Mechanical properties

Introduction

FeCrAl alloys are used as the material for the metal substrates of automobile
exhaust gas purifying systems due to their high-temperature oxidation and corro-
sion resistance [1]. The thickness of alloys for this application is approximately
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50 lm, which demands superior microstructures and mechanical properties [2].
However, the solidified structures of these alloys have well-developed columnar
grain regions and coarse ferritic grains because these alloys have narrow freezing
ranges and lack transitions from ferrite to austenite during solidification [3]. Our
previous study reported that the ferrite grain coarsening is more prone to occur at
high temperatures and seriously decreases the hot ductility of these alloys [4]. The
occurrence of dynamic recovery and dynamic recrystallization in the FeCrAl alloys,
with high stacking fault energy, was beneficial for the grain refinement and
increased the hot ductility during hot deformation. Since this phenomenon only
occurs under certain conditions, such as at certain temperatures and at relatively low
strain rates, it is of great value to develop the optimization of as-cast microstructure
for better mechanical properties. The alloying of lanthanum (La) has recently been
applied in steel and alloy production [5]. Through its grain refinement and purifi-
cation effect, La can enhance the strength, plasticity, and toughness of steels. Some
researchers have studied the effect of La modification on the stability of coating
alumina layer on FeCrAl alloys [6, 7]. However, the knowledge of La addition on
the solidification characteristics and properties of these alloys is still needed. The
present work aims to study the effect of La addition on the inclusions,
microstructures, and high-temperature mechanical properties in as-cast FeCrAl
alloys and provides knowledge about the mechanism of developing the mi-
crostructure optimization of FeCrAl alloys by La addition for better mechanical
properties.

Materials and Methods

Two experimental FeCrAl alloy ingots were produced by a 25 kg capacity vacuum
induction melting furnace using commercial purity materials. Table 1 shows the
chemical compositions of the two studies alloy ingots. After the alloying process,
the longitudinal and the transverse sections of the ingots were polished and etched
with a solution consisting of 20 g FeCl3, 30 mL HCl, and 100 mL distilled water to
investigate the solidified microstructures. Scanning electron microscopy (SEM) and
energy dispersive spectrometer (EDS) were utilized to determine the inclusions on
the polished cube specimens that were cut from the inner and the outer of the two
ingots and with the side length of 10 mm.

Hot tensile tests were carried out using a Gleeble-3500 facility to evaluate the
high-temperature mechanical properties. The cylindrical tensile specimens were cut

Table 1 Chemical compositions of the studied FeCrAl alloy ingots (in wt%)

C Cr Al Si Mn S N O La Fe

Alloy1 0.028 19.96 5.08 0.11 0.13 0.0046 0.0062 0.0022 – Bal.

Alloy2 0.025 19.92 5.07 0.13 0.16 0.0041 0.0054 0.0018 0.052 Bal.
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from the columnar grain regions of the two ingots by the electric spark method. The
specimens were isothermally tested at a temperature interval of 50 K in the range
between 973 and 1673 K, at a constant true strain rate of 1 � 10−3 s−1, which is
typical of unbending operations during continuous casting. All the tests were
performed under an argon atmosphere to avoid specimen oxidation. Specimens
were first heated to 1573 K at a rate of 10 K/s and held for 180 s to homogenize the
microstructure. Specimens were then heated or cooled to the test temperature at a
rate of 5 K/s and held again for 120 s. Finally, the specimens were strained until
fracture and cooled down immediately after rupture under a stream of argon. The
reductions in area were measured as a function of deformation temperatures to
evaluate the hot ductility of the studied alloys.

Results and Discussion

Inclusions

Inclusions significantly affect the microstructure and mechanical properties of
FeCrAl alloys. According to SEM observation and EDS spectrum, AlN inclusions
are the dominant precipitates in Alloy1 without La addition. After La addition, AlN
inclusions still exist in Alloy2, but they are likely to have cores of La-containing
particles. Figure 1 shows the SEM micrographs of typical duplex inclusions in
Alloy2. These La-containing particles seem to act as the nucleus for the hetero-
geneous nucleation of AlN inclusions, which implies that La addition is beneficial
to AlN formation. However, the number density of AlN inclusions is basically
similar before and after La addition. Yue and Du [8] have reported that rare earth
could increase the solubility of N in liquid iron. Thus, La addition should have
complicated effects on AlN formation. AlN inclusions are not effective nucleus for
heterogeneous nucleation of d-Fe and may initiate cracks during mechanical pro-
cessing to deteriorate mechanical properties. Nevertheless, the size of the AlN
inclusions in Alloy2 is generally smaller than those in Alloy1. The smaller AlN
inclusions after La addition can reduce the risk of the deterioration of mechanical
properties.

La is easy to form La–S–O precipitates in melts due to its strong affinities with O
and S. LaS, La2S3, La3S4, La2O2S, and La2O3 have been reported as possible
precipitates in molten steel [9]. According to SEM observation and EDS spectrum,
in Alloy2, La2O2S and La2O3 inclusions are the dominant precipitates after La
addition; however, no La–S inclusions are found. The predominant formations of
La–S–O precipitates are strongly affected by the activity of O and S [10, 11]. The
standard free energies of these La–O–S precipitates that are calculated for varying
activities of S and O allows prediction of the predominant formations of these
precipitates in molten steel [9, 11]. Based on the inclusion observation and ther-
modynamic calculation for Alloy2, the possible precipitation path of La–S–O
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precipitates can be predicted in the FeCrAl molten alloy. Figure 2 shows the pre-
dominant stable phase fields and the possible projected precipitation path for La–S–
O reaction products at 1873 K. At the first period of La alloying, the O activity in
the molten alloy was in the predominant stable phase field of La2O3. During the
La2O3 formation, the O activity continuously decreases and then reaches the pre-
dominant stable phase field of La2O2S. Both the activities of O and S decrease
during the La2O2S formation. Considering that no La sulphides were observed in
Alloy2, the experimental melting condition of this study might fail to satisfy the
formation condition of La sulphides, which requires extremely low O activity and
relatively high S activity.

Fig. 1 SEM micrographs of typical complex inclusions with La-containing cores covered by AlN
in Alloy2

Fig. 2 Stable phase fields and the projected precipitation path of La–S–O precipitates at 1873 K
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During the melting process, La2O2S and La2O3 primarily precipitate in the
molten alloy due to their high melting points and La’s strong affinities with O and S.
In general, precipitates are more likely to be the nucleus for substrates when the
planar disregistries between the precipitates and the substrates are small [12]. Both
La2O2S and La2O3 have small disregistries with d-Fe and can act as the nucleus for
heterogeneous of d-Fe to refine grains [13]. In this way, La addition is expected to
optimize the as-cast microstructure of FeCrAl alloys for better mechanical
properties.

Solidified Structures

Figure 3 shows the solidified microstructures of the longitudinal and the transverse
sections of the two alloy ingots. It is obvious that both the columnar and the
equiaxed grains are refined in Alloy2 after La addition, which agrees reasonably
with the increase of the active nucleation site rate in FeCrAl alloys after La addi-
tion. Moreover, the structures of the grain boundaries in the two alloys are different:
straight grain boundaries in Alloy1 but zigzag grain boundaries in Alloy2.
According to the elemental mapping of the grain boundaries in Alloy2 by SEM and
EDS, as shown in Fig. 4, it is observed that the La enriches at the grain boundaries.
The rare earth metals are soluble with molten steel, but they have extremely low
distribution coefficients in iron-base solid solution [14]. Thus, during the solidifi-
cation process of molten steel, the rare earth metals are very likely to concentrate at
the solidifying fronts, which not only induces the constitutional supercooling to
promote nucleation ratio and grain refinement, but also purifies the impurity ele-
ments, such as C and N, to reduce the formation of carbides and nitrides. The zigzag
grain boundaries are mostly due to the pinning effect by the La enrichment at grain
boundaries. The pinning effect can hinder the grain growth to avoid the grain
coarsening at high temperatures.

Mechanical Properties

The microstructures will largely affect the high-temperature mechanical properties
of the alloys. Figure 5a shows the tensile stress of the two alloys with varying
temperature. The tensile stress decreases continuously with increasing temperature;
however, the tensile stress of Alloy2 is larger than that of Alloy1, especially below
1273 K. Based on the study of the microstructures of the two studied alloys, the
improvement of tensile stress by La addition is mostly due to the grain refinement
and the grain boundary strengthening. However, the solid solution strengthen of La
is not considered as one of the main reasons for the improvement of the tensile
stress because La has an extremely low distribution coefficient in iron-base solid
solution.
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Fig. 3 Solidified microstructure of different ingots: a longitudinal sections; b transverse sections

Fig. 4 SEM image and EDS mapping diagram of grain boundaries in Alloy2

Fig. 5 Peak stress (a) and hot ductility (b) as a function of temperature for the different alloys
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Figure 6 shows the morphologies of fractures for the two alloys after tensile test.
The reductions in area were measured as a function of deformation temperatures to
evaluate the hot ductility. Figure 5b shows the variations of the area reduction
versus temperature for the two studied alloys. The hot ductility of the alloys mostly
depends on both the temperatures and the La addition. For Alloy1, the reductions in
area decrease from 973 K to a minimum at around 1073–1173 K, then sharply
increase to a maximum at around 1373 K before decreasing again. Temperature
ranges of 1073–1173 K and above 1473 K clearly represent ranges of low ductility.
Our previous study [4] indicated that the ranges of low ductility resulted from the
precipitation of carbides and the coarsening of the ferrite grains. However, for
Alloy2, the hot ductility between 1073 and 1173 K is obviously improved. Since
the precipitation of carbides has been considered as one of the main causes of the
low ductility between 1073 and 1173 K, the purification effect of La is beneficial to
improve the hot ductility by hindering the formation of carbides. The hot ductility
above 1473 K is also improved, although it still drops at this temperature range.
Due to no ferrite–austenite transition existing in FeCrAl alloys, the ferrite grain
coarsening is more prone to occur at high temperatures to reduce hot ductility.
However, La addition can hinder the grain growth at high temperatures by pinning
effect at grain boundaries, which can be reflected by the much slower drop of the
hot ductility above 1473 K. Overall, La addition has an advantage in improving the
high-temperature mechanical properties in FeCrAl alloys.

Conclusions

(1) After La addition, AlN inclusions were likely to have cores of La-containing
particles. La2O2S and La2O3 inclusions are the dominant precipitates under the
conditions of this study. They have small lattice mismatch values with d-Fe and
can act as the nucleus for heterogeneous nucleation of d-Fe to refine grains.

(2) The solidified structure of the FeCrAl alloy was obviously refined after La
addition. The zigzag grain boundaries appeared after La addition and were
mostly due to the pinning effect by the La enrichment at grain boundaries.

Fig. 6 Morphologies of fractures for the two alloys after tensile test
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(3) The improvement of tensile stress by La addition is mostly due to the grain
refinement and the grain boundary strengthening. The purification effect of La
is beneficial to improve the hot ductility between 1073 and 1173 K by hin-
dering the formation of carbides. La addition can hinder the grain growth at
high temperatures by pinning effect at grain boundaries.
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Removal of Copper from Fe–Cu Alloy
by Using Iodine

Yuichi Takamatsu and Takashi Nagai

Abstract Impurities such as copper, tin, zinc are included in a steel scrap. It is
needed to remove these impurities when the steel scraps are recycled, since the
elements are harmful for mechanical characteristic and workability of some steels.
However, copper cannot be removed by a traditional smelting by oxidation. In this
study, it is investigated to remove copper from steel by using iodine. Iodine was
added to molten Fe–Cu alloy at high temperature, Copper iodide (CuI2) gas was
formed, and the copper content in the alloy decreased. By this method, the copper
in the alloy can be removed to gaseous phase easily. The relationships between
removal rate of copper and experimental conditions, such as temperature, mass of
iodine, and so on, were investigated.

Keywords Steel � Recycling � Copper � Iodine

Introduction

Steel is most important and imminent metal. The demand of steel in the world is
increasing. Amount of wasted steel is also increasing, while it is produced by iron
ore. Then, it is important to recycle of steel scraps. However, there is a problem of
tramp elements in steel scrap recycling. The tramp elements, such as copper, tin,
zinc, and so on, reduce the performance of steel, dramatically. Therefore, the ele-
ments should be removed in the recycling process.

As copper removal method from iron, evaporation refinement and flux refine-
ment have been reported. In the evaporation refinement, copper is removed by
difference of vapour pressure of copper and iron. Since vapour pressure of copper is
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higher than that of iron, copper is removed to gas phase. However, high vacuum
degree is needed to remove copper effectively [1–3].

In case of flux refinement, a flux containing FeS is used to remove copper.
Copper is removed to flux as CuS or Cu2S, but this process needs a large quantity of
flux [4–12].

Gibbs energy changes of the oxidization and iodination reaction of iron and
copper are shown in Fig. 1 [13]. It is difficult to remove the copper from Fe–Cu
alloy by oxidization, since iron is oxidized before copper. However, there is pos-
sibility of removal of copper form Fe–Cu alloy, based on following reaction.

2Cu in Ironð Þþ I2 gð Þ ¼ 2CuI gð Þ

In this study, the removal of copper from Fe–Cu alloy by iodination was
investigated.

Experimental

Preparation of Fe–Cu Alloy

Fe–Cu alloy was perpetrated by melting Iron (electrolytic iron), Copper (regent
grade 99.9%), and Carbon powder (regent grade) in electro resistance furnace
(Fig. 2) at 1673 K under Ar atmosphere. The copper content of the alloy was
adjusted to 2 wt%.

The carbon-saturated iron with 2 wt% copper was perpetrated.

Fig. 1 Gibbs energy changes of the oxidization and iodination reaction
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Removal of Copper Form Fe–Cu Alloy

The sample (carbon-saturated iron with 2 wt% copper) of ca. 0.1 g set in small
graphite crucible was melted in electron resistance furnace with injecting iodine
system (Fig. 3) at 1473, 1523, or 1573 K in Ar atmosphere. After the inside of

Fig. 2 Furnace used in experiment

Fig. 3 Furnace with injecting iodine system
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furnace achieved to experimental temperature, iodine powder was injected from
upper side of the furnace, and heated for 30–240 min. About 0.3 g iodine powder
was injected in each experiment.

After heating treatment, the sample was dissolved to nitric acid. The copper
concatenation is measured by ICP-OES. Then copper content in the alloys after
experiments was estimated.

Results and Discussion

The copper contents in sample after experiments and removal rate of copper by
iodination are shown in Figs. 4 and 5, respectively. The copper content decreased to
around 1 wt% from 2 wt% during 30 min treatment. The experiments for over
60 min, the copper content did not decrease from 1 wt%. It is thought the reaction
of iodination of copper was finished within 30 min.

The remarkable difference by temperature between 1473 and 1573 K was not
able to observe.

Fig. 4 Copper content in alloys after experiments
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Conclusion

Iodination of copper is useful to removal of copper from Fe–Cu alloy.
The reaction of copper iodination is finished within 30 min from injection iodine

to the furnace.
It is needed to achieve high removal rate.
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Effect of Chemical Composition
on the Crystallization Behaviour
of Rare Earth Phase in Slag

Tengfei Ma, Fu Feng, Xuefeng She, Jingsong Wang and Qingguo Xue

Abstract In order to figure out the effect of chemical composition on the crys-
tallization behaviour of rare earth phase in rare earth slag, the quaternary system
SiO2–CaO–CaF2–Ce2O3 slags were made by pure chemical reagent at 1673 K in
muffle furnace. The mineral phases and micromorphology of slags were detected by
the X-ray diffraction and scanning electron microscope (SEM), respectively. The
results show that grains of RE-containing mineral grow very well and the equiv-
alent diameter of grains is about 100 lm when the basicity is about 1. The effect of
CaF2 on the crystallization of the rare earth phase is complex. With the increase of
basicity, the crystallization of the rare earth phase is increasing and the
RE-concentrating phase exists in a rod-like structure. But when the alkalinity is up
to 2.0, the distribution of RE-concentrating phase becomes dispersive and the
crystals of rare earth phase have no definite shape. The major minerals are fluorite,
cuspidine, RE-concentrating phase and substrate phase.

Keywords Rare earth slag � SiO2–CaO–CaF2–Ce2O3 � Crystallization behaviour

Introduction

The Bayan Obo Mine in the Inner Mongolia region of North China is the largest
iron-REE-niobium ore deposit of hydrothermal origin known in the world. It
accounts for 35% rare earth resource of world’s proven reserves and nearly 80% in
China [1–3]. Due to the special properties, rare earths are essential for modern
technology [4–6]. Unfortunately, since it is mined mainly as an iron ore, the re-
covery rate of rare earth elements is only about 10%. As the fact that rare earth
element can’t be reduced by carbon at blast furnace condition, nearly all the rare
earths are enriched into the blast furnace slag. Unfortunately, the RE-containing
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slag with 14pct RE2O3 was finally stacked in tailing dams which makes it very
difficult for recycle. Therefore, the comprehensive utilization of rare earth in slag
has become an urgent task for us. There are many ways to enrich and separate rare
earth elements in slag, such as, mineral dressing based on gravity separation and
magnetic separation, super-gravity separation and hydrometallurgy [7–11].
Although the latter two methods have a high recovery rate, there are still problems.
At first, it is difficult for the super-gravity separation method to apply to industry;
besides, there are serious environmental problems in hydrometallurgy procedure.

Ore dressing is widely used for mineral separation. Usually, the blast furnace
slag will be slowly cooled for mineral recrystallization. Then, it is separated by
gravity separation, magnetic separation and flotation and so on. Actually, the slow
cooling recrystallization behaviour of rare earth-enriched slag is concerned with
temperature, chemical composition, pressures and cooling rate. Although the
cooling rate has been studied by many researchers, the effect of chemical compo-
sition on the crystallization behaviour of rare earth phase in slag is not clear. By
researching the effect of chemical composition, it not only help us to find out the
most suitable composition for the crystallization of rare earth phase, but also
contribute to the construction of RE-containing slag phase diagram. As the lack of
thermodynamic data of rare earth oxides, there is little information about
RE-containing slag can be obtained in thermodynamic software. So it is necessary
to obtain the thermodynamic data of rare earth in slag by the means of experiment.

In this study, the mineral phases and micromorphology of slags were detected by
the X-ray diffraction and scanning electron microscope (SEM). The volume fraction
and average grain size of RE-concentrating phase at different compositions were
obtained by the image analyzer software. This study aims to providing reliable data
support for the industrial application and theoretical study of rare earth slag.

Experimental

The Selection of Slag Composition

Many people have researched the crystallization behaviour of rare earth slag, and
the chemical composition of rare earth slag is given in Table 1 [10–13]. As we can
see, the main compositions are CaF2, RE2O3, CaO and SiO2, the sum of which has
exceeded 80%. To simplify experiment process, the CaF2–Re2O3–CaO–SiO2 slag
was chosen for the experiment. As listed in Table 2, the RE2O3 content in the slag
is fixed as 15%, while the basicity changes between 0.5 and 2.0 and the mass
percentage of CaF2 covers from 15 to 35%.
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Slag Preparation

Reagent grade oxides powders of CaF2, Re2O3, CaO and SiO2 were employed to
synthesize the slags, which were calcined at 1273 K for 4 h to evaporate the
moisture and impurities, respectively. The chemical powders were carefully
weighted and fully mixed. Then, the mixtures were placed into graphite crucible
and pre-melted using MoSi2 furnace. When muffle furnace was heated to 1673 K at
5 k/min, the graphite crucibles were placed on a graphite plate which was placed
inside the hot zone of the furnace at 1673 K for 4 h to completely homogenize the
slags. After that, turn off the muffle furnace and make the sample cool with the
furnace. The cooling rate is about 10 degrees per minute when the furnace tem-
perature is above 1373 k.

Table 1 Chemical composition of rare earth-rich slag of predecessors

Researchers CaF2 RE2O3 CaO SiO2 Fe Al2O3 MgO P2O5 R

Xu X.Y 30.38 11.58 18.49 17.12 0.48 5.60 1.07 – 1.08

Ding Y.G 36.82 14.19 18.19 18.01 1.61 1.72 1.42 2.75 1.01

Li D.G 18.67 10.70 32.20 18.37 − 5.18 3.68 – 1.75

Table 2 Chemical
composition of rare
earth-rich slag

No. CaF2 (%) CaO (%) SiO2 (%) RE2O (%)3 R

1 15 23.3 46.6 15 0.5

2 20 21.7 43.4 15 0.5

3 25 20 40 15 0.5

4 30 18.3 36.6 15 0.5

5 35 16.7 33.3 15 0.5

6 15 35 35 15 1

7 20 32.5 32.5 15 1

8 25 30 30 15 1

9 30 27.5 27.5 15 1

10 35 25 25 15 1

11 15 42 28 15 1.5

12 20 39 26 15 1.5

13 25 36 24 15 1.5

14 30 33 22 15 1.5

15 35 30 20 15 1.5

16 15 46.7 23.3 15 2.0

17 20 43.3 21.7 15 2.0

18 25 40 20 15 2.0

19 30 36.7 18.3 15 2.0

20 35 33.3 16.7 15 2.0
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The mineral composition of sample was detected by the X-ray diffraction with a
Rigaku diffractometer (DMAX-RB 12 kW, Rigaku Corporation, Tokyo, Japan)
using CuKa radiation. The mineralogy of slag was observed by scanning electron
microscope (SEM; JEOLJSM-6480A, JEOL Ltd., Toyo, Japan) with an
energy-dispersive spectroscope.

Experimental Results

SEM-EDS Analysis of Rare Earth Slag

The furnace-cooling slags were mounted in epoxy resin, then sectioned and pol-
ished for cross section observation by SEM-EDS. The micro structures of the
samples are shown as Figs. 1, 2, 3 and 4. The photographs of the slag at basicity 0.5
were taken at 2000 magnifications because of fine grain, while the others were taken
at 200 magnifications. In the microstructural diagrams, the white part is
RE-concentrating phase, the black part is CaF2 and the most widely distributed grey
part is substrate phase. From Fig. 1, we can learn that fine dispersed
RE-concentrating phases were distributed in all over of the substrate even at 2000
magnifications. In the slags of this study, the network units are [SiO4]-tetrahedron
units. When the basicity is low, the molten slag has a higher polymerization so that
the process of mass transfer is suppressed. With the increase of basicity, the
crystallization of the rare earth phase is increasing and the RE-concentrating phase
exists in a rod-like structure. CaO plays as a network modifier in the slag. With
the increase of CaO content, the [SiO4]-tetrahedron units are depolymerized and the
viscosity of slag decreases. The mass transfer condition is improved so that the
RE-concentrating phase is better crystallized. EDS analyses show that RE element
coexists with Si, Ca, O and F. But when the alkalinity is up to 2.0, the distribution
of RE-concentrating phase becomes dispersive and the crystals of rare earth phase
have no definite shape. EDS analyses of the mineral were made so as to ascertain its
chemical composition. The results showed that rare earth elements (RE) only
coexist with oxygen (O), which indicates rare earth oxide is the main form of the
rare earths. The reason for this may be higher content of CaO. Binding capacity of
SiO2 with CaO is stronger than that with RE2O3 so that RE2O3 exists in a free state.
Under the same total alkalinity in this experiment, the microstructures of the slag
show no obvious change with the increase of CaF2 content.

Mineral Composition of Rare Earth Slag

The mineral composition is also an important parameter for mineral dressing effi-
ciency. It is assumed that the less the number of minerals in the slag is and the
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greater the difference in specific gravity between the minerals is, the better the ore
dressing will be. Therefore, the mineral composition of the slag was detected and
the XRD patterns are shown in Figs. 5, 6, 7 and 8. The major minerals are fluorite,
cuspidine, RE-concentrating phase and substrate phase. When basicity is 0.5, there
are other phases in the slag, such as SiO2 and CaSiO3 with fluorite content below
25%. The diffraction peaks of rare earth phase is similar to that of britholite [Ca2.15
Ce2.85 (SiO4)3(F0.5OH0.5)]. Because of there is no OH- in the slag, it can be inferred
that the rare earth phase of this experiment has a similar crystal structure as
britholite. When the slags basicity is about 1.0, there are only three minerals.

Fig. 1 Micro structure of rare earth slag at basicity 0.5

Fig. 2 Micro structure of rare earth slag at basicity 1.0
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The diffraction peaks of britholite are shown at the bottom of Fig. 6, which is nearly
consistent with that of the rare earth enriched phase in the slag. When the basicity is
1.5, there is Ca2SiO4, a new phase, appeared. With the increase of basicity, CaO
binding capacity with SiO2 is strengthened significantly. Ca2SiO4 is generated due
to overdose of CaO. At the basicity of 2.0, rare earths exist in the form of RE2O3 on
account of excessive basicity which makes rare earth oxides isolated with other
acidic oxides. For the purpose of high-efficiency mineral separation, the basicity of
the slag should be between 0.5 and 1.5.

Fig. 3 Micro structure of rare earth slag at basicity1.5

Fig. 4 Micro structure of rare earth slag at basicity 2.0
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(B:quartz B1: cristobalite) 

Fig. 5 XRD pattern for the sample at basicity 0.5

Fig. 6 XRD pattern for the sample at basicity 1.0
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Fig. 7 XRD pattern for the sample at basicity 1.5

Fig. 8 XRD pattern for the sample at basicity 2.0
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Conclusions

(1) For the purpose of high-efficiency mineral separation, the basicity of the slag
should be 1.0. No matter the basicity is too low (CaO/SiO2 < 0.5) or too high
(CaO/SiO2 > 1.5), rare earth phase in the slag can’t meet the requirements of
mineral processing.

(2) When the basicity of the slag is 1.0, RE-concentrating phase has a very good
crystallization behaviour, which is perfect for the mineral processing. The
equivalent diameter of RE-concentrating mineral grows to 100 lm. Meanwhile,
there are only three minerals in the slag.

(3) According to this study, we can recovery rare earth efficiently from rare earth
slag through mineral dressing, and it provides experimental support for the
utilization of slag produced by Bayan Obo complex iron ore.
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Effects of Steel Scrap Oxidation
on Scrap Preheating Process
in an Electric Arc Furnace

Guangwu Tang, Yuchao Chen, Armin K. Silaen, Yury Krotov
and Chenn Q. Zhou

Abstract The electric arc furnace (EAF) is used to produce steel, primarily from
steel scraps, using electricity and chemical energy. Oxy-fuel burners firing natural
gas (NG) are widely used in EAF operation during both the scrap preheating and
melting stages. Excess oxygen is normally used to improve heating efficiency. Steel
scrap oxidation increases the scrap temperature and reduces the scrap melting point.
In this paper, a numerical study is conducted to simulate the steel scrap preheating
process using oxy-fuel combustion. A three-dimensional computational fluid
dynamics (CFD) model was developed with detailed consideration of gas flow,
oxy-fuel combustion, scrap oxidation and multi-mode heat transfer between gas and
solid scrap. The effects of scrap oxidation on the scrap preheating were also inves-
tigated. Model validation was conducted using experimental data obtained from a
small-scale scrap preheating furnace. The model can be applied to industrial EAFs to
investigate the effects of operating parameters on the scrap preheating process.

Keywords Electric arc furnace � CFD � Combustion � Heat transfer

Introduction

The electric arc furnace (EAF) is used to produce steel, primarily from steel scraps,
using electricity and chemical energy. Worldwide, EAF steel scrap consumption
has been increasing in the past 70 years [1]. The steel and foundry sectors consume
approximately one-third of the world’s steel scraps[2]. In the USA, the share of US
steel production using EAF is approximately 67%[3]. Worldwide, crude steel
production by the EAF process increased dramatically during the past 60 years, and
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it is expected to increase in the next 30 years. The EAF steelmaking process is an
energy-intensive process that consumes vast amounts of electrical and chemical
energy. Raw materials and operating practices affect EAF efficiency and produc-
tivity. The energy efficiency of EAF steelmaking is only 55–65%. Raw materials
charged into EAFs have changed since 1995, and worldwide, scrap accounts for
around 75% of EAF materials input. The ability to meet the need for higher
value-added steel grades will be difficult to achieve through scrap alone.
Productivity and energy consumption are strongly dependent on alternative scrap
materials [4] such as direct-reduced iron (DRI), hot briquetted iron (HBI), pig iron
and hot metal. Worldwide, DRI and HBI account for around 15% of EAF materials
input, with around 10% accounted for by pig iron and hot metal [5]. New research
can help explore opportunities to further improve the productivity and efficiency for
future EAF steelmaking.

Electricity and chemical energy typically account for around 65% and 35%,
respectively, of energy supplied to EAF operation. New technologies intend to
improve energy efficiency and reduce electrical power usage. Recently, oxy-fuel
burners have been widely used in EAFs. Typically, 3–5 oxy-fuel burners are
installed in the EAF to provide heat to melt the scrap located farthest from the
electrodes and to provide coherent oxygen jets to stir the molten steel bath when a
flat bath is achieved. Productivity increases by using oxy-fuel combustion burners
in the EAF are in the range of 5–20% [6, 7]. In order to optimize the electricity and
chemical energy input, gaining a complete understanding of the combustion, heat
transfer and chemical reactions during the furnace operation is important.
Computational fluid dynamics (CFD) simulation can reveal fluid flow, heat transfer
and chemical reactions that occur in an EAF system. CFD modelling of the com-
bustion process and electrode heating has been reported in the literature. [8–10]
Odenthal et al. [11] reviewed EAF-related numerical modelling research and
showed that very limited research was focused on oxy-fuel combustion and heat
transfer to scrap piles. Mandal and Irons [6, 7] developed a CFD model that
considered propane-oxygen combustion and heat transfer between combustion flue
gas and scrap, which was treated as a porous medium. Model validation has been
conducted by comparing simulation and experimental measurements of the tem-
perature in experimental furnaces. The work done by Mandal and Irons [6, 7]
provided a basic guideline on modelling approach and model parameters for scrap
preheating simulation. In order to conduct numerical simulation of the
industrial-scale EAF scrap preheating process, three basic points have to be
addressed, based on the existing literature-reported models: (1) refinement of an
oxy-fuel combustion model is needed to accurately predict the combustion process
for oxy-fuel instead of traditional air-fuel combustion; (2) refinement of a radiation
model is needed to account for the effects of high-CO-concentration gas atmosphere
on the temperature field under oxy-fuel combustion conditions; and (3) chemical
reactions such as scrap oxidation and other hydrocarbon combustion reactions in
the scrap need to be considered to account for additional initial heat sources.

In this paper, comprehensive numerical modelling of the scrap preheating pro-
cess has been conducted. A three-dimensional CFD model was developed with
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detailed consideration of gas flow, oxy-fuel combustion, scrap oxidation and heat
transfer between gas and solid scraps. Model validation was conducted by com-
paring model predictions against measurement data which were obtained using a
small-scale experimental furnace. The primary focus of this study is to understand
the effects of scrap oxidation on the scrap preheating process when excess oxygen
was supplied during the scrap preheating or initial melting stages in EAFs.

CFD Model

The scrap preheating CFD model was established based on the detailed physics and
chemistry occurring during the EAF operation. The model considers gas flow,
oxy-fuel combustion and multi-mode heat transfer including the heat exchange
between gas and solid scrap. Governing equations were determined using the
commercial software ANSYS Fluent [12, 13]. The scrap phase was treated as a
porous medium, and its governing equations were input into ANSYS Fluent using
the user-defined scalar (UDS). Gas momentum sink due to the porous medium is
considered using a user-defined function (UDF). The energy source terms for both
gas and solid phases are added using UDFs. The UDFs are solved together with
other terms in the governing equations. The eddy dissipation concept (EDC) model
was used to calculate the propane-oxygen combustion reactions with a four-step
chemical reaction mechanism. [14] The discrete ordinates (DO) radiation model
was used to model the dominant heat transfer flux, and a new weighted-
sum-of-gray-gases model (WSGGM) for oxy-fuel combustion [15] was used to
describe the radiation heat transfer in the combustion gases. The WSGGM for
oxy-fuel combustion is implemented using a UDF. The governing equations were
solved in transient conditions and are expressed as follows:

Gas Phase

The Mass Conservation Equation

@q
@t

þr � q~vð Þ ¼ 0 ð1Þ

The Momentum Conservation Equation

@

@t
q~vð Þþr � q~v~vð Þ ¼ �rpþr � s

� �þ q~gþ~Fþ Sgu ð2Þ

where p is the static pressure, q~g and ~F are the gravitational body force and external
body force, respectively, and Sgu is a source term introduced by the scrap phase.
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The momentum exchange between the gas phase and the solid scrap is described
by an Ergun-type equation [16]. The source term for gas velocity in a radial
direction is given as Eq. 3, and the source term for gas velocity in the vertical
direction is similar.

Sgu;i ¼ � l
a
ug;i þC2

qg ug;i
�� ��
2

ug;i

 !
ð3Þ

where

a ¼ wjdj
� �2;3

150 1� ;ð Þ2 ð4Þ

C2 ¼ 3:5
1� ;ð Þ
wjdj
� �;3 ð5Þ

Sgu is the source term for the momentum equation of the gas phase (in units of N/
m3), ug is gas superficial velocity (m/s), ; is scrap porosity, wj is particle shape
factor (1), dj is particle diameter (m), q is the fluid density (kg/m3), ~v is the fluid
velocity having x, y and z components, and s is the stress tensor which is given by

s ¼ l r~vþr~vT� �� 2
3
r �~vI

� �
ð6Þ

where is the molecular viscosity, I is the unit tensor, and the second term on the
right-hand side is the effect of volume dilation. By the long-time averaged method,
Eq. 2 can be converted to a Reynolds-averaged Navier-Stokes (RANS) equation as
follows:

@

@t
quið Þþ @

@xj
quiuj
� � ¼ � @p

@xi
þ @

@xj
l

@ui
@xj

þ @uj
@xi

� 2
3
dij

@uI
@xI

� �� �
þ @

@xj
�qu0iu

0
j

	 

ð7Þ

In Eq. 7, the Reynolds stresses may be related to the velocity gradient by the
Boussinesq hypothesis as follows:

�qu0iu
0
j ¼ lt

@ui
@xj

þ @uj
@xi

� �
� 2
3

qkþ lt
@uk
@xk

� �
dij ð8Þ

where dij is the stress tensor due to molecular viscosity. The realizable k-e turbu-
lence model is used due to its ability to model flow with a strong streamline
curvature, vortices and rotation.
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The Energy Equation

@

@t
qEð Þþr � ~v qEþ pð Þ½ � ¼ r � ðkeff þ krÞrT �

X
j

hj~Jj þ seff �~v
� �" #

þ Sh ð9Þ

where keff is the effective conductivity, and~Jj is the diffusion flux of species j. The
first three terms on the right-hand side of the equation represent energy transfer due
to conduction, species diffusion and viscous dissipation, respectively. Sh includes
the heat of chemical reaction, and any other volumetric heat sources. E is defined
as:

E ¼ h� p
q
þ v2

2
ð10Þ

where sensible enthalpy h is defined for incompressible flows as

h ¼
X
j

Yjhj þ p
q

ð11Þ

where Yj is the mass fraction of species j, and hj (the sensible enthalpy for species j)
is defined as

hj ¼ ZT

298:15 K

Cp;jdT ð12Þ

where Cp;j is the constant pressure specific heat of species j.

Kr is the radiative thermal conductivity, and can be expressed as:

Kr ¼
8rT3

j

aþ 2s
ð13Þ

a ¼ 1:5eð1� ;Þ=dj ð14Þ

s ¼ 1:5ð2� eÞð1� ;Þ=dj ð15Þ

where a is the absorption coefficient, s is the scattering coefficient, Tj is the scrap
temperature, ; is scrap porosity, dj is the scrap size, r is Stefan–Boltzmann con-
stant, and e is emissivity.

The heat transfer between the gas and solid scrap is described as Eq. 16, and the
heat transfer coefficient proposed by Wakao et al. [17] and Mandal [18] is used to
account for the porous medium effects on the heat transfer coefficient of a single
particle. Rej is the particle Reynolds number based on particle diameter and
superficial gas velocity.
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Sgs ¼ _njhjAj Tj � Tg
� � ð16Þ

hjdj
kg

¼ 2þ 1:1Re0:6j Pr1=3g ðTj\1373KÞ ð17Þ

hjAj ¼ A � f wð ÞV
0:9
g T0:3

j

d0:75j

ðTj [ 1373KÞ ð18Þ

where kg is a constant, 0.0184, Prg is Prandtl number, 0.5, A is constant, 160.0,
f wð Þ is constant, 0.5, and Vg is gas velocity.

The species transport model was used to define the species and to calculate the
species conservation and transportation. The local mass fraction of each species Yi
can be solved by the convection-diffusion equations. The conservation equation of
each species can be expressed by

@

@t
qYið Þþr � q~vYið Þ ¼ �r � Ji

* þRi ð19Þ

where Ri is the net rate of production of species i by chemical reactions. Ji
*

is the
diffusion flux term of species i, which arises due to gradients of concentration and
temperature, under which the diffusion flux is given as follows:

Ji
* ¼ � qDi;m þ lt

Sct

� �
rYi � DT ;i

rT
T

ð20Þ

where Di;m is the diffusivity for species i in the gas mixture, 2.88E-5 m2/s, lt is the
turbulent viscosity, and DT ;i is the thermal diffusion coefficient, which is calculated
from thermal conductivity divided by density and specific heat capacity at a con-
stant pressure. Sct is the turbulent Schmidt number, which is 0.7. The oxy-propane
combustion mechanisms and kinetics are listed in Table 1. [14].

Scrap oxidation reaction is also considered as the following mechanism:

Fe sð Þþ 1
2
O2 gð Þ ¼ FeO sð Þ;DH298

f ¼ �270:16kJ/mol ð21Þ

Based on the steel oxidation model developed for steel slab oxidation in
reheating process, [19] this scrap oxidation rate for EAF scrap oxidation is calcu-
lated based on the rate constant and species concentrations defined as:

W
A

� �n

¼ kt � Fe½ � O2½ �ð Þn ð22Þ
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where k ¼ 4:00� 10�7g2=cm4 s, the term W
A is weight gain per unit area, t is time,

Fe½ � is steel concentration in the local cell, and O2½ � is oxygen concentration in the
local cell.

Steel Scrap Phase

The general transport equation for the scrap phase is given as Eq. 23. The transient
term for solid scrap phase is included to consider the change of scrap molar density,
enthalpy and concentrations. In this study, since a simplified oxidation reaction is
considered, only species Fe and FeO are used for scrap material. Due to the
assumption that the scrap movement is not simulated, the flux term Fi is zero in
Eq. 23. The diffusion term for the scrap molar density transportation equation is
zero due to its solid form. [20] However, in the scrap enthalpy transportation
equation, the thermal diffusivity is used.

@ qs;sð Þ
@t

þ @

@xi
Fi;s � Ck

@;s
@xi

� �
¼ Ss ð23Þ

The general variables for the scrap phase are listed in Table 2.
The CFD simulations were conducted by using the commercial software pack-

age ANSYS Fluent 18.1. The finite volume method (FVM) was used to solve the
partial differential equations by discretizing the equations using an upwind differ-
encing scheme over the finite volumes. The SIMPLE algorithm was used to adjust
the pressure and velocities after each iteration when solving the gas continuity and
momentum equations.

Table 1 Reaction mechanism and kinetics (units in kg, m, s, kcal, mol and K)

Reaction Reaction order A b E

C3H8 + 1.5O2 ! 3CO + 4H2 [C3H8]
0.5[O2]

1.25 4 � 1011 0 30.0

H2 + 0.5O2 ! H2O [H2][O2]
0.5 1.8 � 1013 0 35.1

H2O ! H2 + 0.5O2 [H2O] 5.337 � 1016 −0.5 94.3

CO + 0.5O2 ! CO2 [CO][O2]
0.5[H2O]

0.5 1.3 � 1011 0 30.0

CO2 ! CO + 0.5O2 [CO2][H2O]
0.5 1.213 � 1016 −0.5 97.1
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Geometrical Model and Conditions

It is difficult to measure the scrap temperature inside an EAF during operation. In
order to validate the CFD model, small-scale experimental results [18] were used to
compare with the simulation. The experiment was conducted by Mandal [18] to
measure the efficiency of scrap heating by a propane-oxygen burner. The volume of
the experimental furnace is in the order of 1 m3, as shown in Fig. 1a. The
propane-oxygen burner was used in the lower part of the furnace, with burner
power of 8.3 kW. The thermocouples are installed at different locations in the
furnace without contacting the steel scrap. In the beginning, the furnace was purged
with argon gas. During the experiment, steel scraps are placed in the furnace at
room temperature. Then, the propane-air burner starts to heat the steel scrap, and the
temperature measurements by the thermocouples were recorded. The scrap pre-
heating model was applied to simulate the scrap preheating process by
propane-oxygen combustion. The computational domain was developed based on
the detailed dimensions of the experimental furnace as shown in Fig. 1b. The
oxy-fuel burner power used is 8.3 kW with 10% excess oxygen. The scrap used for
this simulation is the small shredded scrap. The mixed propane-oxygen was put into
the furnace through a 4-mm-diameter lance. More details can be found in the
literature [18] used for comparison.

Table 2 General variables
for solid scrap phase

Scalar ;s qs Fi Ck Ss
Scrap molar density 1 1 0 0 0

Scrap enthalpy Hs qs 0 Ck SgH
[Fe] concentration ZFe qs 0 0 �SR
[FeO] concentration ZFeO qs 0 0 SR

Fig. 1 a Experimental set-up, [18] b Computational domain
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Results and Discussion

A numerical simulation was performed based on the real conditions used in the
laboratory-scale experimental study. The simulation results shown in Fig. 2
demonstrate the process of scrap heating in the experimental furnace. The
propane-oxygen gas mixture was ignited and put into the scrap piles. Due to the
high temperature of oxy-fuel combustion, the density of the combustion flue gas is
significantly reduced and flows upwards through the steel scraps to the top exit as
indicated in Fig. 2. The combustion flame temperature of the propane-oxygen
combustion can reach up to 3600 K as shown in Fig. 2. The corresponding highest
gas velocity reaches 61 m/s. Due to the heat transfer from the hot combustion flue
gas to the cold scrap, the scrap temperature increased most in the flame region as
shown in Fig. 2. Quantitative comparisons are shown in Fig. 3. The measurement
point (0.166 m, 0, 0.478 m) was chosen to compare.

Figure 3 shows comparisons of the gas temperature, scrap temperature and the
thermocouple (TC) temperature between CFD simulation and experimental mea-
surements. The TC measured temperature is neither the gas temperature nor the
scrap temperature. Based on the assumption that the thermocouple temperature is
changing slowly, a quasi-steady state thermocouple temperature can be calculated
based on gas temperature, scrap temperature using the energy balance equation.

hA Tf � Tthð Þ ¼ Fth�scAe r T4
th � T4

sc

� � ð24Þ

where h, A, Tf , Tth, Fth�sc, e, r and Tsc are the heat transfer coefficient between gas
and scrap, the area of the thermocouple, the fluid temperature, the thermocouple
temperature, the shape factor, the thermocouple emissivity, the Stefan–Boltzmann
constant and the scrap temperature, respectively.

The comparisons in Fig. 3 show three groups of data sets: the scrap temperature,
gas temperature and TC temperature. Each group consists of CFD with oxidation,

Fig. 2 Simulation results of a gas velocity, b gas temperature and c scrap temperature at
t = 60 min
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CFD without oxidation and Mandal’s CFD. The TC temperature group also consists
of results of experimental measurements. It can be seen that this study over-predicts
the scrap temperature compared with Mandal’s CFD. When the oxidation is con-
sidered, the scrap temperature is even higher due to the fact that the oxidation
reaction is exothermic. In the numerical model, the scrap oxidation occurs in the
steel scrap; therefore, 100% of the heat release is assumed to contribute to the scrap
phase. When comparing the gas temperatures in Fig. 3, the effects of oxidation on
the gas temperature change are minimal. Both CFD of this study and Mandal’s CFD
show good agreement on the trends and values. The TC temperature comparison
indicates that both CFD simulations have a similar trend in scrap temperature
change with respect to time. In general, the TC temperature will be higher when

Fig. 3 Comparison of temperatures at a measured point between CFD and experiment

Fig. 4 Comparison of CFD and experiment on TC temperature
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oxidation is considered. The comparisons of the TC temperature predicted by this
study with the measurements are shown in Fig. 4.

In experimental work, the small shredded scrap used may be subjected to be
reused and cause oxidation. As shown in Fig. 4, the average percentage error of
without oxidation is 5.6% which is lower than the 7.6% for with oxidation. It
indicates that the scrap oxidation will increase the difference when compared to the
experiment. Therefore, the oxidation during the experiment was not significant.
However, in real EAF operation, the effects of oxidation might be more significant
due to the fact that oxygen supply is over stoichiometric and furnace temperature is
high. The contours of scrap temperature and oxidized scrap molar concentration are
shown in Fig. 5. The scrap temperatures at the measurement point predicted by the
CFD models are shown in Fig. 6.

Due to the multi-mode heat transfer, the temperature of the scrap near and above
the oxy-fuel burner increases higher than the locations far away from the oxy-fuel

Fig. 5 Effects of oxidation on scrap temperature distribution and FeO concentration

Fig. 6 Effects of oxidation on scrap temperature at the measurement point
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burner as shown in Fig. 5. The scrap oxidation reaction increases the scrap tem-
perature in general. In this simulation conditions, the oxidation reaction occurred
mostly in front of the burner where the scrap temperature and oxygen concentra-
tions are higher than any other places. Quantitatively, the oxidation would increase
the scrap temperature by up to approximately 7.9% compared to no oxidation as
shown in Fig. 6.

Conclusions

A three-dimensional CFD model for scrap preheating process by oxy-fuel combustion
in EAFs has been developed. The model provides a detailed consideration of gas flow,
oxy-fuel combustion, scrap oxidation and multi-mode heat transfer between gas and
solid scrap. The CFDmodel has been validated against the measurement data obtained
from a small-scale experimental furnace. The effects of scrap oxidation on the scrap
preheating are investigated. The results indicate that scrap oxidation could increase
scrap temperature by up to 7.9% in the experimental furnace. The model can be
applied to industrial EAFs to optimize scrap preheating process.
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Enriching and Separating Iron Impurity
from Galvanizing Dross
by Super-Gravity Technology

Anjun Shi, Zhe Wang, Lei Guo, Ning Zhang and Zhancheng Guo

Abstract Hot-dip galvanizing dross is a valuable by-product and contains high
levels of zinc and some iron impurities. In this work, the super-gravity technology
was applied to removing iron impurities from an industrial galvanizing dross.
Firstly, the enriching behaviour of iron phase was investigated in different
super-gravity fields. The floatation movement of iron phase was greatly intensified
by super gravity, leading to an iron-rich layer in the top area of the sample. Then,
the separation of iron impurity from galvanizing dross was further carried out via
filtration enhanced by super gravity. The majority of the iron impurities were
retained in the upper residue by a filter felt, with the filtered zinc purified signifi-
cantly. The efficiency of separating increased with increasing gravity coefficient
(G). At G = 600, about 99.2 wt% iron was removed and the filtered zinc with a
purity of about 99.9 wt% can be directly used as galvanizing zinc.

Keywords Galvanizing dross � Super gravity � Iron removal � Zinc recovery

Introduction

Hot-dip galvanizing is widely used in producing zinc coatings with the purpose of
improving the corrosion resistance of steel [1]. This process is generally carried out
by immersion of a steel article in a molten zinc bath at about 440–460 °C.
Galvanizing dross is a combination of free zinc and Al–Fe–Zn intermetallic com-
pounds formed by multiple reactions among zinc, aluminium and dissolved iron
from the immersed steel, which can form swells on the galvanizing surface.
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Conventionally, the surface dross is skimmed off by labour or machine at intervals,
while the bottom dross can be removed when the operation is shut down [2].

The galvanizing dross is a valuable by-product due to its high levels of zinc
(over 80 wt%), motivating a search for technologies to allow the cost-effective
recovery of the zinc content [3]. At present, there are many methods for the sep-
aration or recovery of zinc from galvanizing dross such as atmospheric or vacuum
distillation, leaching and electrorefining [4]. However, these processes have limi-
tations. The collected zinc products produced by distillation have very high purity
[5], but high capital investment is required, and the productivity is relatively low
[6]. Conventional leaching process is not appropriate for galvanizing dross as the
large amount of metallic zinc in the dross consumes excessive lixiviating reagent
[7]. The electrorefining process can produce high-purity zinc which is deposited on
cathode with the zinc dross directly melted into anodes. But the electrolyte has to be
purified frequently because almost all the iron impurity in the dross is transferred
into the electrolyte, which correspondingly increases the cost of the electrorefining
process [8].

In recent years, super-gravity technology has been successfully applied in
removing impurities from metal melt on account of the difference of densities
between impurities and melt. Matsubara et al. [9] studied the removal of Fe from
liquid Al alloy under a super-gravity field during period of Al solidification, where
the separation was attributed to macro-segregation caused by super gravity during
solidification. Zhao et al. [10] studied the enrichment and remove behaviour of
impurities in low concentrations from Al by solidifying it under a super-gravity
field, which caused the impurity elements Fe and Si to be separated at the two ends
of the sample along the direction of super gravity. The super-gravity technology has
been proved to be a promising method for the large-scale purification of metals by
these above-mentioned applications, and this technology would be an alternative
method to effectively remove impurities and recover zinc from galvanizing dross.

In this study, the effect of gravity coefficient (G) on the efficiency of enriching
and separating iron impurity from galvanizing dross has been investigated. Besides,
the mechanism of super-gravity enrichment and separation of galvanizing dross was
also examined.

Experimental

Raw Materials and Preparation

The galvanizing dross used in this study was supplied from Baotou Iron & Steel and
contained 96.1 wt% Zn, 3.14 wt% Al, 0.75 wt% Fe and 0.01 wt% O. The zinc
dross material was melted in an electric resistance furnace at 600 °C and cast into
an ingot in a graphite crucible. The ingot was then machined through wire-electrode
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cutting into *20 g cylinders of 20 mm diameter for the following super-gravity
experiments.

Super-Gravity Experiments

The super-gravity field was generated by a centrifugal apparatus whose schematic
was shown in Fig. 1. The facility mainly consists of a heating furnace and a
counterweight which were installed symmetrically onto the centrifugal rotor.
A program-controlled system controls temperature within the observed precision
range of ±3 °C with an R type thermocouple. The super-gravity coefficient was
calculated via Eq. (1).

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ w2gð Þ2
q

g
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ N2p2g
900

� �2
r

g
ð1Þ

where G is gravity coefficient, g is normal-gravitational acceleration (g = 9.8 m/s2),
x is angular velocity (rad/s−1), N is rotating speed (r/min), and R is the distance
between centrifugal axis and sample centre (R = 0.25 m).

In order to conduct the super-gravity enrichment experiment, a galvanizing dross
sample was directly placed in a straight graphite crucible with the internal diameter
of 21 mm. While carrying out super-gravity separation experiment, a galvanizing
dross sample was first placed into a self-design graphite filter crucible consisting of
two small crucibles with the same internal diameter of 21 mm. Twenty holes with a
diameter of 1 mm were evenly distributed in the bottom of the upper crucible, and
one layer of the carbon fibre felt (CFF) was laid at the bottom of the upper crucible

Fig. 1 Schematic diagrams of the centrifugal apparatus: 1. counterweight; 2. centrifugal axis; 3.
miniature high-temperature furnace; 4. resistance wire; 5. thermocouple; 6. metal melt; 7.
super-gravity enrichment; 8. super-gravity separation
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as the filter medium. Both graphite crucibles were then heated to the target tem-
perature for 15 min in the heating furnace. Afterwards, the centrifugal apparatus
was started and adjusted to the desired rotational speed to conduct separation
isothermally. The centrifugal apparatus was not shut off until the target separation
time. After that, the graphite crucible was taken out from the furnace and quenched
in water. The enrichment and separation zinc were collected, respectively, in
preparation for further characterization.

Characterization

The original galvanizing dross, filtered zinc and residue were cut perpendicular to
the top surface and then polished to a 1-mm finish for optical microscopy (Leica
DM6000), scanning electron microscopy (SEM, MLA 250, FEI Quanta, USA),
electron probe microanalyser (EPMA-1720, SHIMADZU, Japan) and X-ray
diffraction (XRD, Smartlab, Rigaku, Japan) analysis. The zinc, aluminium and
iron contents of original zinc dross, purified zinc and residue were analyzed by
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES, Optima
7000DV, Perkin Elmer, USA), and the oxygen content was measured by the
O, N and H analyzer (HORIBA, EMGR-830, Japan).

Results

Characterization of the Original Galvanizing Dross

Figure 2 shows the XRD pattern of the dross sample. It can be seen that the peaks
for Al–Fe–Zn compounds (Fe2 Al5ZnX) and ZnO were very weak compared to
those for metallic zinc, indicating the dominant phase in the galvanizing dross was
metallic zinc.

Figure 3 shows an EPMA image and element distribution maps from a typical
region of an original galvanizing dross sample. The Al–Fe–Zn dross particles,
characterized by the dark grey colour and polygonal shape, were distributed in the
continuous zinc matrix (light grey). Besides, a small amount of very fine and
sinuous ZnO with the film shape was also found in the zinc matrix. Point analysis
by EPMA of 20 random Al–Fe–Zn dross particles showed that these particles
consisted of 64.5 at.% Al, 25.8 at.% Fe and 9.82 at.% Zn. This gave the Al–Fe–Zn
dross particle a chemical formula of Fe2Al5Zn0.8, which is in excellent agreement
with the generally accepted chemical formula of Fe2Al5ZnX for the galvanizing
dross particle in the previous XRD results.
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Fig. 3 EPMA mapping images of a typical region of the original galvanizing dross sample

Fig. 2 XRD pattern of the original galvanizing dross sample
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Super-Gravity Enrichment of Galvanizing Dross

Figure 4 shows the cross section of the samples obtained by super gravity under the
condition of t = 180 s, temperature T = 510 °C and gravity coefficient G = 1
(Fig. 4a) and 600 (Fig. 4b), respectively. It can be seen that a more cleared layer
full of dross particles appeared at the top of the sample after super-gravity en-
richment at G = 600 in comparison with the parallel sample (G = 1). To investigate
the effect of the gravity coefficient on the distribution of dross particles, the different
areas ‘A’-‘D’ in Fig. 4 are observed by SEM, with the results shown in Fig. 5. The
results show that the Al–Fe–Zn particles in the sample obtained by G = 600 pre-
sented gradient distribution along the centre axis, as indicated in Fig. 5b–d. A large
number of precipitated phase aggregated to the upper part of the sample by
super-gravity enrichment, while inclusions can hardly be found at the lower part of
10 mm (Fig. 5d).

Figure 6 shows the distribution of iron and zinc contents in the samples under
different super-gravity fields. With the increase of distance from the bottom of the
sample, the content of iron increased and the content of zinc decreased, which also
indicated the enrichment of precipitated phase along the direction of super gravity.

Super-Gravity Separation of Galvanizing Dross

Figure 7 shows the images of the samples processed by super-gravity separation at
various gravity coefficients, t = 180 s and T = 510 °C. It can be seen from Fig. 7a
that the galvanizing dross sample was completely retained on the CFF in the upper
crucible at the gravity coefficients of 1 due to the overlarge filtration resistance from
the CFF. At G = 600, the filtration resistance was overcome and the filtered zinc
was collected in the lower crucible, associated with the unfiltered residue inter-
cepted in the upper crucible by CFF. The filtered zinc was quite dense, while the
residue had a relatively porous morphology.

In order to further investigate the phase distribution in the residue, the mi-
crostructure of areas ‘A and B’ in Fig. 7b was presented in Fig. 8, which repre-
sented the top and bottom regions in the residue obtained at G = 1000, T = 510 °C
and t = 180 s, respectively. The top region (Fig. 8a) mainly consisted of sinuous

Fig. 4 Macrographs of the
samples obtained by
super-gravity enrichment at
various gravity coefficients,
t = 180 s and T = 510 °C.
a G = 1; b G = 600
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(a) (b)

(c) (d)

Fig. 5 Micrographs of four areas in the samples obtained by super-gravity enrichment (a, b, c,
d refer to areas A, B, C, D marked in Fig. 4, respectively)

10 20 30
0.0

0.4

0.8

1.2
1.6

2.0

2.4

2.8
3.2

3.6

Iro
n 

co
nc

et
ra

tio
n 

(w
t %

)

Distance from bottom (mm)

(G = 1)
(G = 100)
(G = 300)
(G = 600)

10 20 30
50

60

70

80

90

100

Zn
ic

 c
on

ce
tr

at
io

n 
(w

t %
)

Distance from bottom (mm)

(G = 1)
(G = 100)
(G = 300)
(G = 600)

Fig. 6 The distribution of Fe and Zinc inside samples solidified under different super-gravity
enrichment processed at t = 180 s and T = 510 °C
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ZnO and an amount of Al–Fe–Zn particles, which was also remained zinc in this
region. As shown in Fig. 8b, the bottom region had a relatively high-purity zinc
(99.9 wt%). With much observation and analysis by SEM at a higher magnification,
only a few fine Al–Fe–Zn particles (generally smaller than 5 lm) were found in the
filtered zinc.

The removal ratio of Fe and the recovery ratio of Zn were calculated via Eqs. (2)
and (3).

RZnic ¼ mfz � xZn fz

mfz � xZn fz þmr � xZn r
ð2Þ

giron ¼ 1� mfz � xiron fz

mfz � xiron fz þmr � xiron r
ð3Þ

where RZnic and ηiron are the recovery ratio of Zn and the removal ratio of Fe; xZn_fz

and xZn _r denote the Zn content (wt%) in the filtered zinc and residue, respectively;

Fig. 7 Macrographs of the
samples obtained by
super-gravity separation at
various gravity coefficients,
t = 180 s and T = 510 °C.
a G = 1; b G = 600

(a) (b)

Fig. 8 BSE images of three different regions (areas ‘A and B’ in Fig. 7b) in the residue obtained
at G = 600, T = 510 °C and t = 180 s. a Top; b Bottom
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xiron_fz and xiron_r denote the iron content (wt%) in the filtered zinc and residue,
respectively.

As shown in Fig. 9, in general, RZnic increased with increasing the gravity
coefficient, mainly since more molten zinc was filtrated into the lower crucible
when the gravity coefficient was improved. RZnic increased quickly from 53.6 to
84.5 wt% with increasing the gravity coefficient from 15 to 600. When the gravity
coefficient exceeded 600, RZnic still increased but at a relatively low rate. In com-
parison, increasing the gravity coefficient, ηiron was not with obvious fluctuation.
The ηiron fluctuated in the range of 98.2–99.2 wt% with changing the gravity
coefficient from 15 to 600.

Discussion

As for super-gravity enrichment, when the temperature reached 510 °C, the Al–Fe–
Zn precipitated phase appeared a relatively uniform distribution in zinc liquid at
G = 1. Due to the high viscosity, the Al–Fe–Zn phase cannot be separated from
residual melt under the normal gravity [11]. The moving equation of a spherical
solid particle in the viscous liquid can be expressed as follows according to Stokes’
law:

p
6
d3ðq1 � qpÞGg� 3pgd

dr
dt

¼ p
6
d3qp

d2r
dt2

ð4Þ

where d is the diameter of the particle, m; q1 and qp are the densities of the liquid
and solid particles, respectively, kg m−3; η is the dynamic viscosity of the liquid,
Pa s; and r is the displacement of the particle, m.

When the particle’s movement reaches equilibrium, the right side of Eq. (4)
becomes equal to zero, and the particle’s moving velocity can be expressed as in the
following equation:
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Vr ¼ d2ðq1 � qPÞ
18g

Gg ð5Þ

where Vr is the particle’s moving velocity in the viscous liquid.
The particle’s moving velocity in equilibrium is in direct proportion to the square

of its diameter and gravity coefficient according to Eq. (5). Thus, by applying super
gravity, the moving velocity is increased, leading to the pile up of Al–Fe–Zn phase
in the upper area. It can be also speculated that the larger Al–Fe–Zn particles should
move faster than the finer ones, resulting in the appearance of larger particles in the
top area and the finer ones in the lower positions theoretically after the super-gravity
enrichment treatment.

As for super-gravity separation, the filtration processes can be discussed as
Fig. 10. The capture of the solids is achieved by the adhesion of solids on the
surface of the filter medium due to interfacial or surface forces.

To achieve the filtration of molten zinc, the centrifugal pressure (Pc) caused by
centrifugal force acting on the surface of filter medium is required to be larger than
the filtration resistance offered by the filter medium (i.e. the pressure drop across the
filter-molten metal interface, △q) [12]. Pc can be calculated by

Pc ¼ qx2ðL22 � L21Þ
2

ð6Þ

where q denotes the density of the molten zinc, x is the angular velocity, and L2
and L1 denote the molten zinc levels measured from the centre of rotation. More
detailed description can be found in Ref. [13].

△q can be described by the Young–Laplace equation:

Dq ¼ � 4r cos h
d

ð7Þ

where r denotes the surface tension of molten zinc, h is the wetting angle, and d is
the mean pore size of the filter medium.

At the beginning of super-gravity separation, only the filtration resistance is
required to be overcome. But as the super-gravity separation proceeds, reticulated

Fig. 10 Schematics of
filtration mode in
super-gravity separation
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ZnO and Al–Fe–Zn particles accumulate above the CFF to form the cake of which
the thickness increases gradually. This progressively decreases the effective open-
ing diameter [d in Eq. (7)] and increased △q. Increasing gravity coefficient can
improve the Pc and overcome higher △q; therefore, more molten zinc can be
flowed through the filter medium, leading to the higher Rzinc and ηiron (Fig. 9).

Conclusions

In this study, detailed characterization of a hot-dip galvanizing dross was conducted
and super gravity was proven to be a promising method for removing iron impu-
rities and recovering zinc from galvanizing dross. In super-gravity enrichment, the
distribution of Al–Fe–Zn particles had an obvious gradient, and with the increase of
gravity coefficient, the gradient became steeper. In super-gravity separation, at
G = 600, t = 180 s and T = 510 °C, over 84.5 wt% zinc was recovered with a high
purity of about 99.9 wt%, and about 99.2 wt% iron impurity was removed.
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Parameters of the Metallic Calcium
Reduction from Magnesium Production
Residues

K. C. Tasyurek, M. Bugdayci and O. Yucel

Abstract In this paper, we presented an investigation of the theoretical and the
industrial definitions of the metallic calcium production by metallothermic process
in the vacuum atmosphere. In the studies, Al is the only reductant that is used for
the metallothermic calcium production. In experiments, effects of percentage of Al
stoichiometry as a reductant, time variances of reduction and temperature of
reduction were investigated. In this study, experiments were carried out at 1200,
1250, 1300 °C and 100% Al, 125% Al and 150% Al stoichiometry to produce
metallic calcium from the residue of metallic magnesium production residue. All
raw materials and residue phases were characterized by using atomic absorption
spectrometry (AAS), X-Ray Diffraction Spectrometry (XRD) and chemical analysis
techniques. From the results of these experiments, it was understood that the use of
Al with the increasing stoichiometry increases the efficiency of the metallic calcium
production with the increase of reduction time.

Introduction

Calcium metal is a kind of a shiny silver white metal, and physical properties are
quite ductile and soft. Metallic calcium is rapidly oxidizing in the atmosphere above
300 °C [1, 2]. The calcium as a metal reacts with water to form calcium hydroxide.
Calcium hydroxide formed melts at 845 °C and boils at 1420 °C. Calcium metal is
highly reactive with oxygen due to this it is never found in elemental form
naturally. Primary calcium sources are the three carbonates—calcite, aragonite and

K. C. Tasyurek (&) � M. Bugdayci � O. Yucel
Metallurgical and Materials Engineering Department, Faculty of Chemical
and Metallurgical Engineering, Istanbul Technical University,
34469 Maslak, Istanbul, Turkey
e-mail: kctasyurek@gmail.com

M. Bugdayci
Chemical and Process Engineering Department, Faculty of Engineering,
Yalova University, 77100 Yalova, Turkey

© The Minerals, Metals & Materials Society 2019
T. Jiang et al. (eds.), 10th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-05955-2_45

479

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_45&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_45&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05955-2_45&amp;domain=pdf
mailto:kctasyurek@gmail.com
https://doi.org/10.1007/978-3-030-05955-2_45


dolomite—the sulphates—gypsum and anhydrite—and fluorites in the form of
fluorite or fluorspar [2, 3].

Main calcium producer countries are Russia, China, USA and France. Russia’s
metallic calcium production factories capacity is 4000 tons. In 2011, China
increased the quantity of calcium production, and the common reason for this
increasing is related with there were only two companies producing the calcium
with the electrolytic way in the 1960s but after production by aluminothermic
process has started and many companies has begun the metallic calcium production.
China’s yearly production capacity is 30,000–35,000 tons of calcium with alu-
minothermic production method, and they still produce 4000–6000 tons of calcium
using electrolytic process. USA produces 1000–2000 tons of calcium by alu-
minothermic method. Also, France has some facilities for the production of calcium
metal but they are not producing for now. The sources of the calcium are almost
unlimited because of the presence of living organisms [4–6].

The first metallic calcium reduction is related to Pidgeon process where alu-
minum was used as a reducing material. The reaction is done at 1170 °C in a steel
retort under vacuum atmosphere. The stoichiometry of aluminum had taken %100–
110–120, respectively. And calcium reduction recoveries have been observed
%85.8, %92.0 and %96. The experiment’s heating cycles are 12, 17 and 24 h,
respectively [7].

Experimental

Domestic sources of Mg reduction residue were provided as raw material for using
calcium source as a raw material. Chemical analysis and AAS (Perkin Elmer
Analyst 800) techniques were applied to residue. Chemical analysis of Mg pro-
duction residue is given in Table 1, and Al (min. %99.5 by wt.) was also employed
as a reductant.

In Fig. 1, the XRD pattern of residue was obtained by using PANalytical PW
3040/60 XRD. XRD pattern is given. The residue includes mainly CaO and SiO2

according to the XRD pattern.
In the experimental studies, cylindrical shape of stainless steel retort was used.

Metallic calcium was vapourized; then, the residue was inside of the ceramic pod.
The vacuum atmosphere inside the retort was provided by dual-stage rotary vane
mechanical vacuum pump, Edwards 8 E2M8 Rotary Vane Dual Stage Mechanical
Vacuum Pump, which can hold a final pressure of 1 � 10−3 mbar in Fig. 2. By the
SiC resistance furnace, the retort was externally heated at maximum temperature of
1350 °C. All experiments were related at 1200 °C, 1250 °C and 1300 °C and

Table 1 Chemical analysis
of Mg production residue

CaO MgO Al2O3 Fe2O3 SiO2 Na2O K2O

57.65 3.68 0.35 5.55 28.35 0.57 0.18
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conducted with 100% Al, 125% Al and 150% Al stoichiometry of reductant and the
times depends on 60–120–180–240 min.

The steel retort was left for cooling up at the furnace with the same vacuum
values with the reduction and it was continued until the room temperature. Then
cover was opened it up and the residue left in the ceramic base were weighted and
analyzed. The rate of Ca metal recovery was calculated from residue by using the
equation given below.

Ca recovery % from residueð Þ ¼ ½ Ca0% �W0ð Þ�ðCa1% �W1Þ�= Ca0% �W0ð Þf g
� 100

ð1Þ

where W0 is the weight of raw materials, Ca0% is the weight percentage of calcium
in raw materials, W1 is the weight of residue, and Ca1% is the weight percentage of
calcium in residue.

The research studies of the thermodynamic parameters were calculated by using
the FactSage 6.4 database. Under 1 mbar and 1 bar vacuum pressures, Fig. 3 is
plotted to understand the changing of the reduction conditions of MgO and CaO

Fig. 1 X-ray diffraction (XRD) pattern of raw materials of residue

Fig. 2 Schematic sketch of experimental setup. (1) Furnace, (2) stainless steel retort, (3) charge,
(4) condensation section, (5) cooling water in and out, (6) vacuum connection, (7) vacuum pump,
(8) digital pressure gauge, (9) PtRh30/PtRh6 thermocouple and (10) SiC resistance
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using the Al reductant. For 1 bar pressure, it can be seen that the reaction tem-
perature needs to be 2332 °C for CaO reduction with an Al reductant.

Production of metallic calcium vapour pressure is important for condensing the
calcium as a metal in the process. Figure 3 and Table 2 give reduction temperatures
of MgO, CaO with Al reductant, and it is clearly seen that CaO reduction starts at
1298 °C. Figure 4 shows the probable phases of the CaO reduction process. Ca(g)
phase increased dramatically after 1150 °C. At 1300 °C and 2.25 mol, the Ca(g)
occurred. Due to the thermodynamic investigations, Ca(g) occurred between 1150
and 1200°C. The figures are plotted for the 100% stoichiometry of the reductant Al
at 1 mbar.

Pidgeon process reactions occur at lower temperatures at 1 mbar process dura-
tion than that of 1 bar [8]. Figure 5 shows the effect of CaF2 addition and
Ca(g) products were decreased above 1200 °C. Figure 6 shows the effect of FeSi as
a reductant and Ca(g) starting to occur above 1400 °C. Neither of these additions
have positive effect on CaO reduction.

In Fig. 7, Ca vapour pressure started and increased dramatically at 650 °C. In
this study of this project, an average process pressure of 0.5 mbar was used and the
process temperatures were 1200, 1250 and 1300 °C. Therefore, the formation of the
gas phase of calcium is possible with Al used as a reductant and 1 mbar under
vacuum conditions.

Fig. 3 Change of Gibbs free energy for the reduction of CaO and MgO using Al reductant at
1 mbar and 1 bar
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In this study, experiments were set up to investigate the effects of reductants on
the Pidgeon process with the changing of the stoichiometry of Al and the time. The
change of Ca recovery was investigated for 100, 125 and 150% Al reductant
stoichiometry while increasing the reduction time. All experiments were done with
1 L retort, and the experiment’s process duration is started with 60 min and
increased to 240 min step by step. Average process pressure was about 0.5 mbar.

Results and Discussion

Experimental studies began with the theoretical requirement 100% Al stoichio-
metric reductant, and time effect was investigated for calcium reduction at 1200 °C.
Raw materials for metallic calcium production residue and 100% Al stoichiometric

Table 2 Minimum reduction
temperatures of CaO and
MgO for Al reductant at 1 bar
and 1 mbar

Minimum reduction temperature (°C)

1 bar 1 mbar

CaO 2332 1298

MgO 1481 838

Fig. 4 Change of reaction products with increasing process temperature for Al reductant (1 mbar)
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powder mixtures were prepared, and experiments were conducted for the same
amount of mixtures value of 9 g. Recovery rate of calcium was calculated from the
residue. It was observed that the 100% Al reductant and the extended time did not
affect the recovery rate of calcium.

The recovery rate results were 3–19% in the first experiments. Then, Al stoi-
chiometry was increased to 125%, and the recovery rate results were 5–21% in this
experiment. After 150% Al stoichiometry was tried, the recovery rate results were
5–20%. This showed us the amount of the reductant was not enough to get Ca
reduction with high recovery rates at Fig. 8.

In the second set of experiments, the reaction temperature was fixed at 1250 °C.
This time, the highest recovery detected for the total charge amount of 9 g, 150%
Al stoichiometry, 1250 °C and 240 min was 22%. Figure 8 shows the Ca recovery
rates for Al reductant with increasing stoichiometry and process duration at
1250 °C. The differences evaluated between the Ca recovery rates increased with
the time and Al stoichiometry.

The recovery results were increased from 7 to 20% at 100% Al stoichiometry.
Then, Al stoichiometry was increased to 125%, and the recovery results were
6–20%. After the experimental set was repeated at 150% Al stoichiometry, the
recovery rate results were 11–22%. This showed us the amount of the reductant was
not enough for getting Ca reduction with high recovery rates.

Fig. 5 Change of reaction products with increasing process temperature for Al and CaF2
reductant (1 mbar)
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Fig. 6 Change of reaction products with increasing process temperature for FeSi reductant
(1 mbar)

Fig. 7 Change of vapour pressure of the Ca, Mg and Al at 1 mbar and 1 bar
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In the third experimental set, the reduction temperature was set up at 1300 °C,
and the highest CaO amount in residue was obtained in the experiment conducted
with 150% Al and 240 min with 68% recovery rate. The recovery results were
25–60% at 100% Al stoichiometry. When Al stoichiometry was changed to 125%,
the recovery results were 36–67%.

Finally, Al stoichiometry was fixed at 150% and the recoveries were 37–72%.
This showed us the amount of the reductant was enough for getting Ca reduction
with high recovery rates. In brief, increasing time and the reductant stoichiometry
likewise increases the recovery of Ca.

Conclusion

The reduction of residue and raw materials were investigated by using different
reductant stoichiometries of 100% Al, 125% Al and 150% Al at 1200, 1250 and
1300 °C while varying the process durations between 60 and 240 min. With these
results of experimental studies, the highest Ca recovery from residue is obtained at
the experiment with 9 g charge weight, 150% stoichiometric Al at 1300 °C with
480 min reduction time; therefore, highest calcium reduction recovery rate was
investigated 72%.

Fig. 8 Ca recovery rates for Al reductant with increasing stoichiometry and process duration at
1200, 1250 and 1300 °C for 60–480 min under 1 mbar
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Despite the high cost of Al as a reductant for the metallothermic reduction of
calcium, the optimization of the process is too important for the mass production
expenses. The experimental results showed us that the time increased from 60 to
480 min, and recovery rate of Ca increased. For instance, 150% Al stoichiometry
60 min has recovery ratio about 37%; meanwhile, 150% Al 480 min Ca recovery
ratio increased to 72% at 1300 °C.

References

1. Cardarelli F (2008) Materials handbook: a concise desktop reference, 2nd edn. Springer,
London, pp 620–622

2. Mantell CL (1973) The alkaline earth metals: calcium, barium, and strontium. In: Hampel CA
(ed) Rare metals handbook, 2nd edn. Reinhold, New York, pp 15–25

3. Jia X, Cheng-Fu G, Yong-Gang J, Yong-He W, Cent J (2010) South Univ Technol 17:918–923
4. Emsley J (2011) Nature’s building blocks, an A-Z guide to the elements. Oxford University

Press, Oxford
5. Gray Theodore (2009) The elements, a visual exploration of every known atom in the universe.

Black Dog & Leventhal Publishers Inc, New York
6. Stwertka A (2012) A guide to the elements, 3rd edn. Oxford University Press, Oxford
7. Pidgeon LM, MacCatty SA (1949) Production of calcium, USA Patent Office, 15 Mar 1949
8. Beruto D, Searcy AW, Kim MG (2004) Thermochim Acta 424:99–109

Parameters of the Metallic Calcium Reduction from Magnesium … 487



Smelting Studies for Recovery of Iron
from Red Mud

Ender Keskinkilic, Saeid Pournaderi, Ahmet Geveci
and Yavuz A. Topkaya

Abstract Red mud can be regarded as a by-product of aluminium extraction
process since it contains a significant amount of iron and some valuable elements.
Therefore, the treatment of red mud has been a hot topic for some decades. The
authors have recently started a laboratory-scale project dealing with stepwise re-
covery of valuable elements from red mud of Seydisehir Aluminum Plant, Turkey.
The first step is related to recovery of iron and pyrometallurgical methods (smelting
and solid-state reduction) will be performed. Nonferrous metals will then be
selectively leached in the second step. In the extent of the present work, a literature
review relevant to the smelting studies for recovery of iron from red mud was
presented.

Keywords Red mud � Pyrometallurgy � Smelting � Iron

Introduction

Red mud is also called as bauxite residue, which is the waste material and more
correctly by-product obtained from Bayer process for alumina production. The
amount of red mud is at least equal to the amount of alumina produced, and most of
the time, it is significantly more [1]. World bauxite residue production is more than
70 Mt annually [2]. Therefore, a huge amount of material is being accumulated
continuously near the aluminium production plants, causing allocation of
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substantially large area for disposal and more importantly environmental issues
related to toxicity of bauxite residue [3]. As well as their amounts in red mud are
concerned, iron oxide and aluminum oxide are the two primary components, so
efforts have been made to recover iron and aluminum from red mud for more than
fifty years [4]. Red mud has also been regarded as a source for recovery of certain
elements, such as rare-earth elements (REEs). A typical bauxite residue may con-
tain the following phases like hematite, goethite, gibbsite, diaspore, calcite and
cancrinite. [5].

Recovery of iron from red mud is important for two respects: first, iron oxide is
the major oxide component, source of iron, although it is not as high as the one
appearing in economical iron ores. Second, removal of iron from bauxite residue is
helpful to increase the recoveries of the elements in leaching step. Leaching without
prior iron removal results in significant iron dissolution, which badly affects the
leaching performance of REEs to be recovered [5]. There are many studies related
to either the first and/or the second target. Both studies can be classified mainly in
three categories: (a) solid-state reduction, (b) magnetic separation and (c) smelting.

The use of red mud in iron and steelmaking was one of the older smelting
examples for iron recovery [6]. Mozharenko and Noskov proposed the use of red
mud as a charge material to blast furnaces [7]. On the other hand, the direct use of
bauxite residue in blast furnaces causes a significant decrease in refractory life due
to its high alkaline content [8]. High alumina content of red mud increases viscosity
of blast furnace slag, so this cannot be tolerated for successful furnace operation.
Even after smelting of red mud for pig iron production, the slag’s alkali compo-
sition and higher viscosity of slag remain big problems for the vessel where
smelting is conducted. To overcome the problem associated with high viscosity,
great amount of CaO-containing fluxes (lime or limestone) are to be used to
increase CaO/SiO2 ratio from the values less than unity to nearly two [2]. Therefore,
high slag volume and alkali problem are the two bottlenecks of smelting operations.
High variability of red mud compositions from plant to plant also prevents the
establishment of a well-defined red mud smelting process [9]. Due to those factors,
smelting part of red mud treatment still has important problems to be solved for
successful industrial operation.

The authors have recently started a laboratory-scale project dealing with step-
wise recovery of valuable elements from red mud of Seydisehir Aluminum Plant,
Turkey. The first step in the project is related to recovery of iron and pyrometal-
lurgical methods (smelting and solid-state reduction) will be performed. Nonferrous
metals will then be selectively leached in the second step. In the extent of this work,
smelting studies for recovery of iron from red mud were presented. The investi-
gations dealing with solid-state reduction and magnetic separation are outside the
scope of this paper.
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Smelting Studies for Recovery of Iron

Smelting studies for recovery of iron from red mud was dating back to the end of
sixties and much was performed at the beginning of seventies. In one of these
studies, electric arc furnace (EAF) smelting of Jamaican and Surinam red mud were
performed for production of iron and alumina [10]. The major components of
Jamaican and Surinam red mud are shown in Table 1.

Pellets made up of red mud and ground limestone were charged to EAF together
with the coke. After complete melting, the bath temperature was increased
to *1500 °C, and then the furnace was shut down after about 15 min. After
cooling of around one day, pig iron and slag were removed from the furnace. The
slag was then subjected to leaching with Na2CO3 to obtain soluble sodium alu-
minate. After a number of tests conducted with both Jamaican and Surinam red
mud, it was found that iron recoveries could reach 98% and alumina recoveries of
84% could be obtained. Slightly better iron recoveries were reported for Jamaican
red mud [10].

It was outlined in a paper dealing with metal recovery from scrap and waste that
in 1971, Mc Dowell-Willman Engineering Co. developed a process for the smelting
of prereduced red mud pellets in EAF to obtain pig iron followed by LD converter
process to produce steel. It was reported that it could be an alternative way for steel
production for the countries where there are significant number of aluminum plants
but no integrated iron and steelmaking industry [1]. Other than soda–lime–carbon
sinter process investigated by Fursman et al. [10], complex separation–melting
process (Hungary) and smelting–slag disintegration process (Yugoslavia) were the
pilot plant studies conducted in the past [11]. It was indicated in the literature that
ROMELT process [12] established for iron making by Moscow Institute of Steel
and Alloys (MISA) was considered by Indian companies NALCO and RSIL to
smelt bauxite residue [13]. In relation to the smelting of red mud, patents can easily
be found in the literature, so some examples are presented in the references for the
reader’s attention [14–16].

Kauben and Friedrich [8] outlined the pig iron compositions obtained by
Logomerac [17] and Ziegenbalg [18] in the red mud smelting experiments per-
formed in EAF using red mud as a charge material (Table 2). As it can be seen from
these literature data, it seems that the variabilities of elements in pig iron are very
high.

Kumar et al. reviewed the innovative methodologies for the utilisation of blast
furnace slag, red mud and fly ash. In the scope of that work, it was outlined that

Table 1 Chemical composition of Jamaican and Surinam red mud [10]

Material Al2O3 SiO2 TiO2 Fe2O3 Na2O CaO

Jamaican red mud 14.6 3.40 6.87 50.9 3.18 4.96

Surinam red mud 19.0 11.9 12.15 24.81 9.29 3.6
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Thakur and Das [6] smelted red mud in EAF with the presence of coke at 1600–
1700 °C and that iron alloy having recoveries of 90% was obtained. It was further
indicated that slag was subjected to leaching with sulphuric acid to recover iron
oxide and titanium dioxide [11].

Kauben and Friedrich [8] studied reductive smelting of red mud for iron re-
covery using laboratory-scale EAF. The average composition of red mud is given in
Table 3. In each run, approximately 200 g of lignite coke was smelted together with
3200 g of red mud in dried condition. Temperature of the EAF was reported in the
range of 1600–1700 °C. It was found that commercial pig iron having composition
of *4 wt% carbon, less than 0.5 wt% silicon and 0.2 wt% titanium could be
obtained. The authors also discussed the alkali problem created by the presence of
Na2O. The boiling temperature of metallic sodium is fairly low (897 °C) compared
to smelting temperatures. Therefore, a significant amount of sodium vapour formed
during reduction of Na2O with solid carbon. It was indicated that sodium vapour
then showed reoxidation in the off-gas chamber [19]. It was reported that total alkali
content after reduction was below 0.1 wt% [18].

Balomenos et al. targeted a zero-waste process using EAF technology. Greek red
mud having composition of 16.22 wt% Al2O3, 47.74 wt% Fe2O3, 10.73 wt% CaO,
6.08 wt% SiO2, 5.93 wt% TiO2 and 2.51 wt% Na2O was smelted in a dust treating
EAF to obtain pig iron and viscous slag. Pig iron was reported to contain 93.206 wt
% Fe, 4.802 wt% C, 0.737 wt% Si and 0.566 wt% Ti. CaO, Al2O3, SiO2 and TiO2

were reported as the major components of the viscous slag. As a part of ENEXAL
project, the viscous slag was subjected to high-speed air/water jet and therefore
fiberized aiming to be used as mineral wool. Insulating mineral wool necessitates
lower radioactive content, so the authors had to use at least 220 kg of fluxes per ton
of red mud to decrease the parameter related to radioactivity called as “activity
concentration index, I” below 6. Actually, one and a half time greater amount of
fluxes were added to achieve the desired CaO/SiO2 ratio, in the range of 0.8–1 [20].
More detail about fiberization tests were published in another paper. According to
SEM analysis results, inorganic fibres having diameter 20 lm were obtained and
some thicker fibres were also reported. The authors indicated that commercial

Table 2 Pig iron
compositions in EAF smelting
tests from the literature [8]

Element (wt%) Logomerac [17] Ziegenbalg [18]

C 3.8–4.5 4.2–5

Si 0.5–3 0.3–0.6

Ti 0.1–0.3 0.2–0.7

Cr 0.2–0.4 –

Table 3 Average composition of red mud used in EAF smelting experiments [8]

Component (wt%) Fe2O3 Al2O3 SiO2 TiO2 Na2O CaO

Red mud 30–50 10–20 5–20 3–15 3–7 1–8
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vitreous wool products have diameters in the range of 3–10 lm. The authors
concluded that uniform fibres could be produced from slag melts by melt blowing
or melt spinning [21].

Ercag and Apak investigated smelting of Turkish bauxite residue from
Seydisehir to obtain pig iron and slag, which was then leached to recover TiO2 and
Al2O3. Average composition of red mud from Seydisehir Aluminum Plant is shown
in Table 4 [22]. With the addition of bentonite, 100 g red of red mud, 100 g of
dolomitic limestone and 16.16 g of coke were pelletized and sintered in an ash
furnace at 1100 °C for 1 h. Afterwards, the pellets were placed in a graphite cru-
cible and charged to a high-temperature furnace heated from room temperature to
1550 °C and kept for 1 h at this temperature. The furnace was then cooled down
nearly one day. With magnetic separation, 11.89 g of pig iron was collected.
Chemical composition of pig iron was reported as 95.68 wt% Fe, 1.10 wt% Ti and
0.0066 wt% Al. The amount of slag was indicated as 100 g. Slag TiO2 and Fe2O3

compositions were measured as 1.25 wt% and 0.2776 wt%, respectively [23]. The
slag was then subjected to leaching and solvent extraction processes to obtain
Al2O3 and pigment-grade TiO2 [22].

Borra et al. studied smelting reduction of red mud for iron and subsequent REE’s
recovery. The chemical analysis of the bauxite residue used in that study is illus-
trated in Table 5. The red mud was mixed with calcium silicate (CaO: 51.2 wt%
and SiO2: 46.4 wt%), and graphite powder and handmade pellets were prepared.
After drying at 105 °C for one day, pellets were placed in a graphite crucible and
were heated to 1500–1600 °C in a high-temperature vertical alumina tube furnace
under argon atmosphere. The crucible waited at the set temperature for 1 h. It was
found that around 15 wt%, calcium silicates in the furnace charge were sufficient to
form a liquid slag at 1500 °C. Smelting at 1600 °C was not found as suitable due to
the increased reaction of sample and graphite crucible. The authors reported that for
a clear-cut metal–slag separation, the amount of calcium silicate in the charge
should be at least 20 wt%. Excess carbon practice was not successful and the
optimum graphite amount was determined as 5 wt%, which corresponded to stoi-
chiometric carbon requirement for reduction of Fe2O3. Impurities present in the pig
iron were reported as C: 5.1 wt%, Si: 0.19 wt%, Ti: 0.33 wt%, P: 0.12 wt% and S:
0.004 wt%. Recovery of iron was found to be larger than 85%. The remaining of
the work was dedicated to leaching experiments using the slag obtained from
smelting, and the recoveries of REEs were discussed deeply [5].

Ning et al. targeted to smelt the red mud to obtain pig iron and slag, which was
aimed to be used in steelmaking as a desulfurization flux. The chemical compo-
sition of the red mud used in smelting experiments is shown in Table 6. Pellets
were formed with the addition of coke powder, and the reduction roasting

Table 4 Average composition of red mud obtained from Seydisehir Aluminum Plant [22]

Component
(wt%)

Fe2O3 Al2O3 SiO2 TiO2 Na2O CaO CO2 P2O5 S V2O5 LOI

Red mud 37.6
±0.3

19.1
±0.5

15.7
±0.2

4.9
±0.1

9.5
±0.5

2.4
±0.3

1.8
±0.4

0.18
±0.1

0.07
±0.005

0.045
±0.001

7.8
±0.2
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experiments were conducted in a vertical tube furnace at 1100–1200 °C for 12–
20 min. For smelting reduction experiments, CaO–Al2O3–SiO2 slag system (Fig. 1
[24]) was selected as a basis and charges were prepared with the addition of CaO
and Al2O3 to obtain slag compositions in the region of the lowest melting tem-
perature compound, 12CaO.7Al2O3. All materials were thoroughly mixed and
placed into a graphite crucible, which was charged into a horizontal tube furnace at
1550 °C and the crucible was remained in the furnace for 40 min under argon
atmosphere. Afterwards, the furnace was cooled down slowly, and pig iron and slag
phases were removed from the furnace for chemical analysis. The typical compo-
sition of the metal was reported as (i.e. one of the experiments) 5.34 wt% C,
0.016 wt% S, 0.16 wt% P and 0.013 wt% Si. The composition of the major
components of the slag was given as 53.89 wt% CaO, 35.74 wt% Al2O3, 4.57 wt%
SiO2, 3.62 wt% TiO2 and 1.41 wt% Na2O [25]. As well as CaO, Al2O3 and SiO2

components of the slag are concerned; the composition is similar to the ladle
furnace slags in secondary steelmaking (Table 7 [26]). As it can be seen from
Table 7, very small amount of Na2O is present in ladle furnace slags. On the other
hand, Na2O present in the red mud was also transferred to the slag phase during red
mud smelting. There are a number of laboratory studies showing good desulfur-
ization ability of Na2O slags, and some examples are given in the references [27–
30]. Moreover, the use of Na2CO3 for desulfurization of hot metal was studied, in
detail [31, 32]. On the other hand, the use of alkali-containing agents in hot metal
desulfurization or in ladle metallurgy reduces the life of the refractories due to its
corrosive nature, so it is not industrially preferred. In a study related to hot metal
desulfurization, Turkdogan pointed out that due to the corrosive nature of Na2O
containing slags formed during desulfurization by Na2CO3, refractory wear in the
process is tremendous. Gaseous reaction products lead to environmental problems.
Moreover, as the amount of Na2O decreases by time, the possibility of sulphur
going back to metal phase increases. It was indicated that it was crucial to take
desulfurization slag away from metal as quickly as possible [33].

Rath et al. investigated the use of plasma arc technology to recover iron from red
mud. Fine red mud of the following composition was used in the smelting

Table 5 Chemical composition of the bauxite residue used in the smelting experiments [5]

Component
(wt%)

Fe2O3 Al2O3 SiO2 TiO2 Na2O CaO Major rare-earth elements

Ce (g/ton) La (g/ton) Sc (g/ton)

Red mud 44.6 23.6 10.2 5.7 2.5 11.2 368 114 121

Table 6 Chemical composition of the red mud used in the smelting experiments [25]

Component (wt%) Fe2O3 Al2O3 SiO2 TiO2 Na2O CaO MgO K2O LOI

Red mud 67.01 7.90 5.01 3.92 1.725 0.35 0.09 0.078 13.24
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experiments: 55.2 wt% Fe2O3, 16.5 wt% Al2O3, 6.3 wt% SiO2, 3.1 wt% Na2O,
1.4 wt% CaO, 4.5 wt% TiO2, 0.1 wt% S, 0.08 wt% P and 12.5 wt% LOI. After
drying at 383 K, red mud was mixed with graphite and certain fluxes including
limestone, dolomite and fluorspar. The batches were adjusted in such a way that
350 g of dried red mud was charged in each run. The charge materials fed into a
graphite crucible were smelted in a plasma arc furnace for periods of 5–18 min
under argon atmosphere. The authors studied the variation of metal recovery with
time, reductant amount and basicity. It was reported that metal recovery increased
up to 15 min, whereas it showed a decrease beyond this point. It was indicated that
this decrease might be attributed to the formation of complex compounds at ele-
vated temperatures. The amount of reductant in the batches was in the range of 9–
14 wt%, and it was found that metal recovery decreased beyond 11 wt%. It was
further reported that metal recovery showed a decreasing trend beyond the basicity
value of 0.25. Moreover, increased amount of reductant and basicity resulted in an
increase in power consumption. Furthermore, the authors dealt with the kinetics of
the process upon investigation of metal recovery and found that the reduction
reaction followed the first-order kinetics, surface diffusion being the rate controlling

Fig. 1 CaO–Al2O3–SiO2 ternary phase diagram [24]
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step. Multi-linear regression analysis (MLRA) was also conducted considering the
four factors, namely effect of red mud, energy efficiency, effect of basicity and
effect of flux. It was concluded that those four components accounted for 75.4% of
the variation. Faster reaction time, handling of fine red mud particles without the
necessity of agglomeration and CO formation at high temperatures were indicated
as the main advantages of plasma arc process [34]. Statistical modelling of iron
recovery from red mud was studied in another paper [35].

Conclusions

Since the end of the sixties, smelting of red mud has been deeply investigated for
recovery of iron and/or enhancement of subsequent leaching recoveries of alu-
minium and other elements including the rare earths. In relation to smelting studies,
the following main conclusions can be drawn:

• High variation of red mud compositions from plant to plant prevents estab-
lishment of well-defined smelting process. Those variations also cause high
variability in pig iron compositions.

• Smelting experiments conducted using industrial furnaces and pilot or
laboratory-scale works all necessitate the use of significant amount of
CaO-containing fluxes to form a suitable slag, causing an increase in slag
volume. The presence of Na2O in red mud not only leads to evaporation/
reoxidation of sodium, but also decreases the refractory life of the smelting
vessels.

• Plasma arc furnace is given as an example of new technologies. Some smelting
investigations suggested zero-waste processes in such a way that smelting slags
were used for mineral wool production and evaluated as a flux material, e.g.
desulphurization flux. Although some drawbacks are seemingly present in them,
those can be regarded as promising attempts for the treatment of red mud.
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Optimization on Drying of Acid
Leaching Slag by Microwave Heating
Using Response Surface Methodology

Xuemei Zheng, Aiyuan Ma, Hairong Gao, Xiaoling Li, Xianzhu He,
Ming Sun and Fengjiao Gu

Abstract In this paper, the technology that acid leaching slag was dried by
microwave heating was studied. The influence of microwave power, microwave
drying time, material mass and their interaction on the relative dehydration rate of
acid leaching slag were investigated using response surface methodology (RSM).
Based on the central composite design (CCD), a quadratic model was developed to
correlate the preparation variables to the dehydration rate. The optimum conditions
for drying acid leaching slag has been identified to be a drying temperature of 100 °
C, drying duration of 12 min, microwave power of 750 W and material mass of
50 g. The relative dehydration rate of microwave drying acid leaching slag could
reach 97.87% which is very close to the predicted dehydration rate of 98.81%,
indicating that the response surface methodology optimization of process parame-
ters for dehydration rate of acid leaching slag by microwave roasting are reliable.

Keywords Acid leaching slag � Microwave drying � Dehydration rate
Response surface methodology

Introduction

Acid leaching slag is presently obtained from zinc leach residue in a zinc
hydrometallurgy process, which contains significant amounts of Zn. The acid
leaching slag consists of lead (Pb), cadmium (Cd), chromium (Cr), nickel (Ni),
other non-ferrous metals, and a small amount of rare indium (In) and germanium
(Ge) metals [1–3]. The valuable metals, such as zinc and indium can be concen-
trated in rotary kiln by roasting pretreated. Additionally, acid leaching slag contains
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higher content of water and chlorine, which dissolved in water to form corrosive
acid, even lead to kiln corrosion perforation. Therefore, drying-based pretreatment
of acid leaching slag has to be carried out at early stage before the industrial use.

Compared with the traditional heating style, the microwave heating is a highly
efficient, clean, and green metallurgy technology [4]. The unique microwave
heating characteristics include the low processing time, the selective and volumetric
heating, and the controllable heating process. Water is a bipolar molecule, and
water has a relatively high dielectric constant (about 76.79 F/m) [5]. Microwave
drying is a new technique and is widely used in mineral [6–8], food [9, 10] and
tobacco [11], etc.

In this study, the removal of water from acid leaching slag by microwave drying
was investigated. The paper intends to investigate the influences of microwave
power, microwave drying time, material mass on the dehydration rate, and find the
optimum conditions using response surface methodology (RSM) based on the
central composite design (CCD).

Materials and Methods

Materials

The acid leaching slag used in the experiments was received from zinc
hydrometallurgical plant in Yunnan Province in China. The moisture in acid
leaching slag is almost all free water, with the initial moisture content 18.6%. The
sample composition was characterized by X-ray diffraction and fluorescence
(XRF) measurements. The main chemical composition of the acid leaching slag is
listed in Table 1, which reveals that acid leaching slag has a high contents of iron
and zinc, as well as Pb, Si, Ca and S.

Experimental Equipment and Methods

The drying experimental equipment was a power of 3 kW box-type microwave
reactor designed by Kunming University of Science and Technology. The device
was made up of microwave reactor and off-gas absorption system, as shown in
Fig. 1.

Table 1 The chemical compositions of acid leaching slag (mass fraction, %)

Composition Zn Pb Ca Fe Si S Mn Mg Cu H2O

Content (%) 14.59 5.45 4.65 20.70 7.59 12.13 2.27 1.70 0.88 18.6
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In drying experiments, firstly, a certain amount of samples was placed into a
mullite crucible, which was surrounded with thermal insulation material. Then, all
of these were then transferred to the microwave reactor. A thermocouple was used
to measure the temperature, in the range of 0 to 1300 °C. Secondly, the starting of
the experiment was marked by activating the microwave and off-gas absorption
systems. The off-gas absorption system was developed to collect the flue dust
generated in the experimental process.

The water content of the sample after microwave drying was calculated. The
dehydration rate (η) of acid leaching slag was expressed as,

g ¼M �M0

M
� 100% ð1Þ

where M and M′ represent the contents in the initial materials and samples after
drying for water, respectively.

Results and Discussion

Experimental Design

In this study, the microwave power (X1, W), material mass (X2, g), and drying time
(X3, min) are considered independent variables. The dependent variable is the
dehydration rate of acid leaching slag (Y). Table 2 shows the independent variables
and levels of the design model.

A total of 20 runs of CCD experiments consist of 8 factor points, 6 pivot points
and 6 center points. The responses to each of the experimental conditions con-
cerning the dehydration rate are listed in Table 3. Considering the operability of

Fig. 1 Microwave drying
equipment
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experiments, drying experiments, the microwave power of run 10, 14 and 19 was
set as 1170, 750 and 330 W, the material mass of run 11 and 16 was set as 33 and
67 g, and the drying time of run 13 and 14 was set as 2 and 22 min, respectively.

The ANOVA result of the Quadratic model for the dehydration rate are listed in
Table 4. The model F-value of 109.36 implies that the model is significant. Values
of “Prob> F” of less than 0.0001 indicate that the model terms are significant. In
this case, X1, X3, X1 X3, X2 X3, X1

2, X2
2 and X3

2 are the significant model terms. For a
good fitness of a model, the correlation coefficient should be at least 0.80. The
“Pred R-squared” of 0.9234(R1

2) is in reasonable agreement with the “Adj
R-squared” of 0.9809(R1

2
adj) plotted in the Table 4. Hence, the model can be used to

navigate the design space.

Table 2 Experimental range
and level of variables

Variables Level code

−1 0 1

Microwave power, X1 (W) 500 750 1000

Material mass, X2 (g) 40 50 60

Drying time, X3 (min) 6 12 18

Table 3 Central composite design arrangement and results

Run Microwave power
X1 (W)

Material mass
X2 (g)

Drying time X3

(min)
Dehydration rate
Y (%)

1 500.00 40.00 6.00 30.6344

2 1000.00 40.00 6.00 61.2366

3 500.00 60.00 6.00 40.1147

4 1000.00 60.00 6.00 78.8530

5 500 40.00 18.00 85.3333

6 750.00 50.00 12.00 97.8578

7 500.00 60.00 18.00 70.3978

8 1000.00 60.00 18.00 88.1900

9 750.00 50.00 12.00 97.8578

10 1170.45 50.00 12.00 97.1720

11 750.00 33.18 12.00 82.6382

12 750.00 50.00 12.00 97.8578

13 750.00 50.00 1.91 34.6774

14 750.18 50.00 22.09 98.0968

15 750.00 50.00 12.00 97.8578

16 750.00 66.82 12.00 70.0003

17 750.00 50.00 12.00 97.8578

18 1000.00 40.00 18.00 98.5060

19 329.55 50.00 12.00 44.0108

20 750.00 50.00 12.00 97.8578
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The constants and coefficients were obtained by fitting the data listed in Table 4
in to Eq. (2). The equation in terms of coded factors is obtained:

Y ¼ �366:08238þ 0:29502X1 þ 8:37035X2 þ 18:22138X3 þ 6:37780E�4X1X2

� 3:19797E�3X1X3 � 0:10906X2X3 � 1:55315E�4X2
1 � 0:076821X2

2 � 0:31093X2
3

ð2Þ

It is important to confirm that the selected model provides an adequate
approximation to the real system. By using the diagnostic plots, the predicted vs.
actual value, the model adequacy can be judged.

Figure 2 shows the comparison of the predicted values versus the experimental
values of dehydration rate. As can be seen, the experimental data are distributed on
the both sides of the model prediction, indicating the model is valid and success-
fully fits the experimental data.

Response Analysis

To achieve better understanding of the interactions of the variables and to determine
the optimum level of each variable for the maximum dehydration rate,
three-dimensional response surfaces plots of the relationship between X1 and X2, X1

and X3, X2 and X3 were calculated and illustrated in Fig. 3.
Figure 3a shows the effect of the microwave power and material mass on the

dehydration rate for a constant drying temperature and drying time. The dehydra-
tion rate increased with the microwave power. Compared with the material mass,
the microwave power has a more significant effect on the dehydration rate.

Table 4 Dehydration rate analysis of variance for response surface quadratic model

Source Sum of square df Mean square F value Prob> F

Model 10,739.93 9 1193.33 109.36 <0.0001

X1 2635.34 1 2635.34 241.52 <0.0001

X2 27.58 1 27.58 2.53 0.1429

X3 4156.26 1 4156.26 380.90 <0.0001

X1X2 20.34 1 20.34 1.86 0.2021

X1X3 184.09 1 184.09 16.87 0.0021

X2X3 342.54 1 342.54 31.39 0.0002

X1
2 1357.97 1 1357.97 124.45 <0.0001

X2
2 850.48 1 850.48 77.94 <0.0001

X3
2 1805.70 1 1805.70 165.49 <0.0001

Residual 109.12 10 10.91 – –

R1
2 = 0.9234, R1

2
adj = 0.9809
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Figure 3b shows the dehydration rate of the acid leaching slag as a function of
the microwave power and drying time. The efficiency increased significantly as the
microwave power and drying time increased. This can be easily explained by the
fact that the heating rate increased rapidly with the microwave power. However, the
higher the dehydration rate would be obtained with the time extending.

As shown in Fig. 3c, compared with material mass, the drying time has a rel-
atively bigger effect on the dehydration rate. Within a certain range of time,
extended the drying time improves the dehydration rate significantly.

Process Optimization

The experimental value was compared with the predicted in order to determine the
validity of the model. From the model, optimized conditions were obtained and
given in Table 5. The predicted value of 98.81% and actual experimental value of
97.87% for the dehydration rate of acid leaching slag are obtained. It is obviously to
observe that experimental result is very accord with the predicted result. The rel-
ative error is only 0.94% with the predicted value.

Predicted vs. Actual

Actual dehydration rate (%)
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d 
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Fig. 2 Linear correlation between actual and predicted dehydration rate
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Conclusions

Dehydration rate of acid leaching slag using microwave drying by RSM, The
results indicated that the dehydration rate is significant affected by microwave
power and drying time compared with material mass. The optimized calcination
conditions are as follows: microwave power 750 W, drying time 12 min and
material mass 50 g. The dehydration rate of acid leaching slag are 98.81%, which
coincides well with experiments value of 97.87% under the optimized conditions,
suggesting that regressive equation fits the dehydration rate perfectly. The unique

Material mass (g) Microwave power (W)

(a)

Microwave power (W)Drying time (min)

(b)

D
ehydration rate (%

)

D
ehydration rate (%

)

D
ehydration rate (%

)

Drying time (min)
Material mass (g

)

(c)

Fig. 3 Response surface plot of dehydration rate for material mass vs microwave power (a),
drying time versus microwave power (b), drying time versus material mass (c)

Table 5 Optimization process parameters of regression model

Microwave
power X1 (W)

Material
mass X2

(g)

Drying
time X3

(min)

Drying
temperature
(°C)

Dehydration rate Y (%)

Predicted Experimental

750 50 12 100 98.81 97.87
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microwave heating characteristics showed the efficiency and economy of removing
water from acid leaching slag by microwave drying.
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Effect of Core Diameter
on the Compressive Strength
and Porosity of Itakpe Iron Ore Pellets

JU Odo and VU Nwoke

Abstract The effect of core diameter on the compressive strength and porosity of
Itakpe iron ore pellets has been studied. The holes at the centre of the pellets were
introduced using balls of combustible materials (palm kernel husk, rice husk and
sugar cane husk) of various sizes (2, 3, 4, 5 and 6 mm). The produced green pellets
were dried and fired, chemical composition, physical and mechanical properties
were determined using standard methods. The results showed that the chemical
composition of the pellets produced is acceptable and can be used commercially
and the palm kernel husk has the best compressive strength with 7.16 KN/mm2

while the porosities were in the range of 25–31%. The result also showed that good
porosity and maximum compressive strength were achieved with hollow pellets
formed with combustible materials of diameter 4 mm for all the samples.

Keywords Iron ore � Core diameter � Compressive strength

Introduction

Iron, along with its generic products, is currently the most widely utilized metal in
various sectors of the world’s economy. Many factors contribute to this, and
ranging from the good mechanical properties it possesses to the low cost associated
with its production. Iron is mainly produced through two methods: the blast fur-
nace, BF, route (pig iron) and the direct reduction, DR, route (sponge iron).
According to the World Steel Association, 2011 [1], crude steel production was
standing at 1.4 billion tones by the end of 2010. Of these, 70% was produced via
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basic oxygen furnace (BOF), which uses pig iron from the blast furnace and 28%
through the electric arc furnace (EAF), which uses sponge iron and scrap.

Iron ore can be used directly in its natural form as a raw material for processing
iron, or it can be upgraded through beneficiation before it is charged into the BF or
DR furnaces. The feedstock is evaluated for physical and metallurgical properties
[2]. Physical properties give an indication of the material behaviour during handling
and descent in the furnace. Metallurgical properties on the other hand indicate the
material behaviour during the reduction process. In selecting iron ore for iron and
steel industries, some of the properties which need to be considered include
porosity, tumbler, abrasion and shatter indices, chemical composition, reduction
behaviour and loss on ignition [3].

The performance of a blast furnace depends greatly on the physical and chemical
characteristics of the materials. The burden materials, which are charged through
the throat, are coke, lump ores and agglomerated ores in the form of sinter or
pellets. Lump ores are significant than pellets and sinters. However, they are
inferior, particularly with respect to softening and melting, they affect the smooth
running of the blast furnace, and this increases coke consumption [4]. Swelling and
disintegration of iron ore have been two major drawbacks in their acceptance as
feed for blast furnace and direct reduction furnace [5].

Increasing demand for iron and steel has led to the design and construction of
blast furnace of increasing size. The huge amount of ores required to feed those
large capacity furnaces led to the development of mechanical mining and handling
of ores. Transportation and handling of ores also produced further amount of finer
fractions, and screening of ores to remove these fines becomes difficult [6].
Pelletization of iron ores concentrates for use as charge material in the blast furnace
has been gaining importance in the steel industry, and this is the result of an attempt
to meet the increased demand for iron and steel with lower-quality ores and ores
extracted from beneficiation plants, all of which are usually in the form of finely
divided particles, too finely for direct processing in the blast furnace. Pelletization is
the newest of the agglomeration processes, differing from sintering, in that a green
unbaked pellet or ball is first formed and then hardened by heating and was first
done at the University of Minnesota by Davis and his associates [7, 8]. Their work
on concentrates and agglomeration of low-grade iron ores showed that it was
possible to ball or pelletize fine magnetite concentrate in a balling drum and that if
the ball were fired at sufficiently high temperature, hard, indurated pellets well
adapted for use in the blast furnace could be made. Since then, intense interest in
pelletization has been developed in recent years because of the outstanding per-
formance achieved by steel producers in extended operations with pellets as the
principal iron-bearing material in the blast furnace burden. The products of pel-
letization process (pellets) go into blast furnaces for direct iron making by reducing
the pellets with gas. This is because pellets offer good reducibility than sinter during
reduction smelting in blast furnace due to more favourable distribution of porosity
in the pellets. Having strong pellets with adequate compressive strength, porosity
and other desired properties will increase productivity, improve the working
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condition and ensure a long lifespan of the equipment used in our steel industries.
This not only will save cost but will enhance technological and industrial
development.

Some of the major problems encountered using pellets in the blast furnace and
direct reduction iron making processes include: low mechanical strength and
inadequate porosity at high temperatures. These negatively affect the efficient
working condition of the furnace and greatly reduce productivity. Sometimes, they
create dangers due to inadequate permeability of gases at the reaction zone of the
blast furnace.

The iron ore pellets which are charged into the blast furnace and direct reduction
plants are classified into two major types: acid pellets and self-fluxing pellets
containing limestone, magnesium oxide, dolomite, etc. These pellets are produced
particularly:

1. To avoid blowing off of iron ore particles, thereby loosing heat and increasing
total heat demand

2. To achieve fuel economy
3. To increase tumble index, compressive strength and porosity which will lead to

improved reducibility.

However, the conventional pellets do not necessarily possess satisfactory
reduction characteristics at high temperature range in the lower part of the blast
furnace because of hindered gas flow into the inner portion of the pellets. This is
attributed to the sizes of the pores in the pellets which are less than 0.1 mm in
diameter and the metallic iron in the outer peripheral portion of the pellets which
form shell layers. As a result, the reduction of the pellets occur retarded and low
melting point slag are formed in the pellets leading to the clogging of the pores,
softening and sticking to each other causing various operational problems which
include: increased consumption of fuel, non-uniform flow of gases, hanging and
sliding of pellets, broken tuyeres and damage to other essential parts of the furnace.
These subsequently may lead to loss in productivity, increased maintenance cost
and eventual total breakdown of the plant.

Production and usage of pellets with enough porosity and adequate compressive
strength will possibly eliminate the problem of poor permeability and inadequate
compressive strength reportedly experienced in the usage of conventional pellets
(partially solid pellets). Addition of combustible materials to the iron ore concen-
trate and creation of internally hollow pellets will enhance the total porosity range,
between 25 and 30% with uniform quality and sufficient compressive strength.

The production of pellets with adequate porosity, uniform quality and sufficient
compressive strength will reduce the problems of cracking and breaking of pellets,
poor permeability and non-uniform flow of the reducing gases which are the major
causes of softening and sticking of the pellets. These problems cause damage to the
tuyeres and other major parts of the blast furnace, and finally result in total
breakdown of the plant.
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Experimental Procedure

The raw materials used in this work include but not limited to iron ore concentrate,
bentonite, coke breeze, sodium silicate, palm kernel husks, sawdust, rice husks,
sugar cane husks, water. There are various stages of production of the hollow
pellets, and they include raw material sourcing, chemical composition analysis, raw
material preparation, mixing operations, pellet production, green ball induration,
chemical analysis and physical/mechanical test (porosity and compressive strength).
The chemical composition of all the raw materials used in this research was done
using the ultraviolet spectrometer at Geology Department, University of Nigeria,
Nsukka, Enugu State, Nigeria. Each raw material was soaked in water inside a
beaker for 48 h, and the product formed a solution with water which was fed into
the equipment and analysed. The results were read off from the computer screen and
used to calculate the compositions/percentages of oxides, elements/component in
each material. The iron ore stone was gotten from National Iron Ore Company
Itakpe (NIOMCO) in Kogi State, Nigeria, and processed to iron ore concentrate at
the National Development Center (NDC), Jos, Plateau State. The iron ore was
washed thoroughly with water and dried under the sun for about 72 h. The dried ore
concentrate was ground and screened to the desired size ranges to upgrade it to
about 60–65% of the raw pellet mix. The pulverized iron concentrate, additives and
binders were further screened to adjust particle sizes using sieves of different mesh
sizes (<85 and <52 mm) placed on an analysette for a period of six minutes. The
combustible materials (sawdust, rice husk, sugar cane husk and palm kernel husk)
were screened, sorted and washed with water to remove dirt and fine sand particles;
thereafter, they were also dried for 48 h under the sun.

Mixing operation was carried out in two stages. The combustible materials were
separately mixed with sodium silicate, and small balls of diameters 2, 3, 4, 5 and
6 mm were prepared using hand moulding. Secondly, 1000 g of iron ore concen-
trate from the <52 and <85 mm (mesh size) was measured out using an electronic
weighing balance and charged into a clean mixer. Three percentage bentonite
(binder), 5% limestone and 2% coke breeze were also measured out in proportion to
the iron ore concentrate and fed to the mixer. Calculated volume of water about 5–
6% of the concentrate was measured out and added to the mixture, and the disc was
gradually rotated to complete a homogenous mix ready for pelletization. Pellet
production is normally done using the balling drum or pelletizing disc, but in this
work hand pelletizing was adopted considering the quantity of raw materials and
number of pellets required which will not be economical for balling drum or
pelletizing disc production. The formed balls of combustible materials were then
embedded in the concentrate mix and rolled into balls of the desired diameter and
shape: 13-mm diameter. This process was carried out for the production of pellets
with core sizes of 2-, 3-, 4-, 5- and 6-mm diameters from the combustible materials.
The samples were produced and labelled as follows:

Cx, PKC2, PKC3, PKC4, PKC5 and PKC6; RHC2, RHC3, RHC4, RHC5 and RHC6;
SDC2, SDC3, SDC4, SDC5 and SDC6; and SCC2, SCC3, SCC4, SCC5 and SCC6
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where Cx is the control sample (ore concentrate), PKC is palm kernel husk core,
RHC is rice husk core, SDC is sawdust core, SCC is sugar cane husk core, and the
subscripts represent the core diameter. There are six samples in each composition
above. This is followed by green ball induration process carried out in three stages
(drying, preheating and firing). The green balls were dried in air at room temper-
ature for 72 h followed by preheating which was carried out at temperatures of 0–
350 °C in 30 min and held for 20 min. The pellet temperature was quickly raised to
900 °C in the next 30–45 min and held for about 5–15 min. In the firing stage, the
temperature was increased to 1200 °C in 120 min and allowed to cool with the
furnace temperature. Both preheating and firing were carried out simultaneously in
a calcination furnace. Chemical analysis of the produced pellets was done using
atomic absorption spectrometer (AAS) followed by the physical and mechanical
tests.

The compressive strength of the fired pellets was carried out using California
bearing ratio (CBR) testing machine. The fired pellets were inserted between the
compressive heads of the compression test one after the other. Load was applied to
the pellets by an electrically operated screw thread until the specimen collapsed.
The value of the compressive strength was read off from an attached circular
counter, six pellets of the same composition and firing temperatures were used for
the test, and the mean compressive strength of the six specimens was recorded as
the compressive strength. In the case of porosity, the pellets were heated to 200 °C
in an oven and oven cooled. Six pellets from each composition were weighed to
obtain the dry weight and then soaked in water for 24 h and their weight recorded
after removal from water. This gave the wet or soaked weight, the pellets were
finally re-soaked in water and suspended with string and the suspended weight
recorded. All the weighing was carried out using a digital weighing balance.
Percentage apparent porosity and other physical properties like apparent density,
bulk density and percentage water absorption were calculated using the following
formula.

% apparent porosity ¼ Wet Weight � Dry Weight
Wet Weight� Suspended Weight

� 100
1

� density of the immersed liquid
ð1Þ

Apparent density ¼ Dry Weight
Dry Weight� Suspended Weight

ð2Þ

Bulk density ¼ Dry Weight
Wet Weight� Suspended Weight

ð3Þ

Percentage water absorption ¼ Wet Weight - Dry Weight
Dry Weight - Suspended Weight

� 100
1

ð4Þ
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Results and Discussion

The chemical composition of the ore concentrate from Itakpe iron ore after bene-
ficiation and ore processing to remove impurities as shown in Table 1 falls within
the Japanese Industrial Standard (JIS) and American Institute of Testing Materials
(ASTM) accepted composition of iron ore concentrate for the production of iron
using both blast furnace process and direct reduction method.

The chemical composition of the combustible materials used in the production of
hollow pellets is presented in Table 2. The palm kernel husks have the highest
percentage of calcium oxide (CaO) and magnesium oxide (MgO): 4.28 and 1.68%,
respectively. The alkaline oxide contents are seen to be higher in sawdust and
lowest in sugar cane husks. Also, the two major oxides of the combustible materials
silica (SiO2) and alumina (Al2O3) were seen to have highest concentrations in rice
husks: 27.94 and 12.87%, respectively.

A careful study of Table 3 shows that there is an increase in the percentage of
oxides (SiO2, Al2O3 and CaO) in the produced hollow pellets when compared with
the control sample, thereby influencing the final properties of the pellet. This was as
a result of diffusion of oxides during burning at high temperature from the com-
bustible materials. The chemical compositions of the pellets produced after the final
firing temperature of 1350 °C are of high grade and suitable for blast furnace and
direct reduction operations when compared to JIS and ASTM standards.

Compressive Strength

The compressive strength of pellets determines the pellet resistance to breakage
during handling and transportation to the furnace plant. This also determines how
the pellets will resist distortion or breakage after charging, during gradual
descending from the stack to the hearth of the furnace. Pellets having compressive
strength between 5.0 and 8.0 KN/mm2 are internationally considered to be ideal for
use in the blast furnace pig iron production process (Table 4).

Figure 1 shows the effect of core diameter on the compressive strength of hollow
pellet using all the combustible materials. The compressive strength of hollow
pellets formed by palm kernel husk concentrate increased with core diameter up to
4 mm and thereafter decreased with further increase in core diameter. The highest
compressive strength of 7.16 KN/mm2 was obtained in hollow pellets formed with
core formation of materials of 4-mm diameter. The compressive strength of hollow
pellets formed by rice husk concentrate was low when compared with that of PKC.
However, the compressive strength of pellets produced with SDC was second to
PKC and this is attributed to the high percentage/concentration of alkali oxides
(Na2O and K2O) which readily melt on heating to high temperature and reacting
with ore particles of the pellets, thereby increasing their bond strength. The lowest
compressive strength was found in the pellets produced with SCC. The difference in
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percentages of oxide constituents of the combustible materials was found to have
remarkable influence on the strength as well as other properties. The oxides at high
temperatures of about 1200–1350 °C tend to burn of and diffuse into the pellets,
thus assisting in sintering and increase in the bond strength which in turn increased
the compressive strength. Also, it could be seen that maximum compressive
strength was achieved with pellets formed with combustible materials of diameter
4 mm for all the samples. After those pellets produced from combustible materials
with 4-mm diameter, strength decreased and becomes too poor at about 6-mm
diameter. The pellets at this stage become too weak and may disintegrate both
during handling processes and in the blast furnace producing fine particles that are
not appropriate for the smooth operation of the blast furnace. On the other hand,

Table 2 Chemical composition of the combustible materials

Oxides/compounds (%) CaO MgO SiO2 Al2O3 FeO PO4 Na2O K2O L.O.1

Palm kernel husk 4.28 1.68 24.40 12.74 0.26 0.04 1.82 2.75 1.12

Sawdust 0.79 0.28 20.17 10.74 0.06 0.05 2.56 3.33 0.81

Rice husk 3.03 0.73 27.94 12.87 0.19 0.03 1.67 1.56 0.94

Sugar cane husk 2.05 0.81 15.27 14.18 0.09 0.015 1.07 1.15 1.25

Table 3 Chemical composition of the produced pellets and pellets after successful pelletization
tests

Sample oxides/
elements

FeT Fe2O3 SiO2 Al2O3 CaO MgO P S Others

Control 70.14 2.60 3.17 0.59 0.32 0.22 0.04 0.02 22.9

PKC 69.31 2.60 3.32 0.95 0.77 0.22 0.04 0.02 22.8

RHC 70.43 2.57 3.42 0.93 0.68 0.22 0.03 0.018 21.7

SDC 68.81 2.55 3.27 0.59 0.63 0.18 0.04 0.02 23.9

SCC 69.70 2.58 4.0 0.64 0.67 0.25 0.02 0.01 22.1

Note PKC Palm kernel husks + concentrate; RHC rice husks + concentrate; SDC
sawdust + concentrate; SCC sugar cane husks + concentrate

Table 4 Average dry compressive strength of produced hollow pellets

Core diameter (mm) Compressive strength of the final pellet with vacant cores
(KN/mm2)

PKC (avg) RHC (avg) SDC (avg) SCC (avg)

2 6.94 6.88 6.92 6.70

3 7.05 7.00 7.01 7.00

4 7.16 7.10 7.13 7.06

5 6.68 6.63 6.68 6.62

6 5.68 5.41 5.54 5.41

Note The compressive strength of the control sample is 6.69 KN/mm2
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those pellets produced with less than 3-mm diameter have low strength, poor
porosity and permeability that they may easily crack and disintegrate during han-
dling and transportation; also in the furnace melt and clog the pores and obstruct
uniform flow of the reducing gases and retard reducibility. It can also cause sticking
of the pellets within the belly, heart and other high temperature zones of the furnace
which affect productivity.

Porosity

Porosity is a very important factor in determining the quality of pellets. Increase in
porosity of the pellets can contribute immensely to the improvement in reducibility
at high temperature regions, for example, furnace belly leading to decrease in the
amount of FeO and reduction in the hanging and sticking phenomena caused by
poor permeability and non-uniform flow of reducing gases. It also helps in the
reduction of clogging of the pores of the pellets by low melting slag. The porosity
of the control pellet sample was 20.62 which is within the acceptable range
(15–25%) for conventional pellet porosity which has been proven not to be very
good for efficient blast furnace operation. The results of the porosity of the hollow
pellets are shown in Table 5 and represented graphically in Fig. 2. It shows that the
porosity of the pellets increased with increase in core diameter and those hollow
pellets formed with combustible materials of diameter 3 mm and 4 mm have mean
porosities in the range of 25.56–30.52% which is within the acceptable range of
25–30% total porosity by JIS and International Standard Organization (ISO).
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Fig. 1 Effect of core diameter on the compressive strength of hollow pellets produced using
different combustible materials
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Therefore, pellets having total porosity above 30% are not considered good for use
in the blast furnace pig iron production because they have insufficient compressive
strength and easily break into particles during handling operations or in the furnace,
resulting in various operational problems.

Conclusion

This research work has been able to produce iron ore pellets with improved
porosity, compressive strength and other physical properties when compared to
conventional solid pellets. The results of the chemical composition of the produced
pellets showed they have acceptable chemical composition and could make

Table 5 Average porosity of the produced hollow pellets

Core diameter (mm) Porosity (%)

PKC (avg) RHC (avg) SDC (avg) SCC (avg)

2 23.75 23.04 23.52 23.04

3 26.68 25.56 25.60 26.06

4 30.44 30.52 29.98 30.52

5 32.18 32.26 31.62 32.22

6 34.38 34.24 34.12 34.86

Note The porosity of the control sample is 20.62
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commercially quality pellets capable of withstanding handling and transportation.
The pellets produced will promote high gas efficiency and excellent reducibility at
elevated temperature zones of the blast furnace leading to high productivity as well
as reduction in coke ratio. Due to high porosity and compressive strength, the
pellets will resist softening and sticking phenomena at high temperature zones of
the blast furnace and eliminate operational problems like non-uniform flow of
gases, hanging slipping and cracking.
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Correlation Between Reduction Degree
and Softening and Melting Properties
of Pellets

Yu-Zhu Pan, Ai-Jun Zhang, Lin Lin, Jing-Song Wang,
Huai-Xuan Feng and Qing-Shan Lin

Abstract With increasing application of oxygen-enriched or even oxygen blast
furnace ironmaking technologies, more intensive indirect reduction, followed by
softening and melting, of iron ore pellets may take place in the blast furnace. In this
study, the correlation between reduction degree and softening and melting prop-
erties of pellets was investigated. The results showed that with the increased of the
reduction degree, the softening start temperature (Ts) of pellets did not change
significantly and melting start temperature (Tm) obviously increased. The dropping
temperature of the pellets slightly increased with the reduction degree of the pellets
increase. Since the increased temperature range of the softening zone interval
(DTS/°C) of the pellet was greater than the reduced temperature range of the melting
zone interval (DTM/°C), the range of the cohesive of the pellet was increased. The
permeability of the pellets was obviously improved as the reduction degree
increased. This study provided important guidance for blast furnace production
under high reduction degree conditions.
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Keywords Blast furnace � Reduction degree � Pellets � Cohesive zone �
Permeability

Introduction

Pellet is the main iron-containing burden for blast furnace ironmaking. It has the
characteristics of high iron content, reducibility and low harmful elements content.
However, the softening and melting properties of pellets are worse than sinter,
which limits the proportion of pellets used in blast furnace ironmaking. With the
advancement of blast furnace ironmaking technology, a large number of new
technologies had been applied in blast furnace production, such as high oxygen
enriched with PIC [1–6], oxygen blast furnace [7–10], hot reducing gas injection
[11, 12] and utilization of metallization burdens [13–16]. The application of these
techniques will lead to an increase of the reduction degree and change the softening
and melting properties of the pellets. However, the change of the permeability of
the pellets layer and the cohesive zone were caused by the reduction degree had not
been systematically investigated in previous studies.

The main purpose of this study is to investigate a correlation between reduction
degree and softening and melting properties of pellets. The study was carried out by
using softening, melting and dropping experiments of pre-reduced pellets; the re-
duction degree of the pellets is 50, 60, 70 and 80%, respectively. Specific experi-
mental methods are introduced in part 2.

Experimental

Preparation of Pre-reduced Pellets

Pellets with a diameter of 10–12.5 mm were selected and the chemical composition
as shown in Table 1. The reduction furnace was used to reduce the pellet is shown
in Fig. 1a. The pellets were placed in a stainless steel reaction tube; reduction gas
was introduced into the reaction tube from the gas inlet. The pellets were heated to
900 °C under a nitrogen atmosphere, the nitrogen gas flow was 5 L/min and the
heating rate of the furnace was 5 °C/min. When the temperature of the pellets
reached 900 °C, reduction gas (CO:N2 = 30:70) was introduced from the gas inlet.
The target reduction degree of mixed burden is 50, 60, 70, and 80%. Pellets will
lose weight in the reduction progress. The weight loss of pellets during the
reduction process was recorded by the balance. When the weight loss of the pellets
reached the target reduction degree, the heating was stopped and the pellets were
cooled to room temperature under a nitrogen flow rate of 5 L/min. The relationship
between the reduction degree and the weight loss of the pellets is given by Eq. (1):
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R ¼ 0:1W1

0:43W2
þ M1 �Mt

M0 � 0:43W2
� 100

� �
� 100 ð1Þ

In Eq. (1), R is the reduction degree of the mixed burden at time t; M0 is the initial
weight of the mixed burden, g; M1 is the weight of mixed burden at the beginning
of reduction, g; Mt is the weight of the mixed burden at time t, g; W1 is the initial
FeO content of pellet, %; W2 is the initial total iron content of the mixed pellet, %;
0.11 is the conversion factor of oxygen required for the oxidation of FeO to Fe2O3;
0.43 is the conversion factor of oxygen required when all of the iron is oxidized to
Fe2O3.

Softening, Melting and Dropping Experiments
of Pre-reduced Pellets

Softening, melting and dripping experiments of pre-reduced pellets were carried out
by softening and melting furnace (Fig. 1b). The pre-reduction pellets were placed in
the graphite reaction tube. Coke (20 g) with the particle size of 5–10 mm was
placed on the upper part and the lower part of the pellets. Throughout the experi-
ment, 12 L/min of N2 was introduced from the inlet at the bottom of the furnace.
Heating was stopped when the first drop of burden was seen in the peephole and
cooled to room temperature under a nitrogen atmosphere of 5 L/ min. The droplets
of burden were collected by the lower graphite crucible. Throughout the experi-
ment, the burden layer was subjected to a pressure of 1 kg/cm2, the distance of
burden shrinks and the pressure difference are recorded by a displacement metre
and a record U-differential pressure gauge, respectively. The index and physical
significance of softening, melting and dripping of the pre-reduced pellets were
included in Table 2.

Results and Discussion

The Effect of Reduction Degree on the Cohesive Zone
and Permeability

The results of softening, melting and dripping experiments of the pellets are shown
in Table 3. In order to more intuitively show changes in the cohesive zone, the data
in Table 3 were plotted as a histogram, as shown in Fig. 2. As can be seen from

Table 1 Composition (mass
%) of pellets

Burden TFe FeO Al2O3 CaO MgO SiO2 Basicity

Pellet 67.26 0.64 0.27 1.08 <0.05 1.49 0.72

Correlation Between Reduction Degree and Softening … 525



Fig. 2, as the reduction degree increased, the softening start temperature of the
pellets was maintained at about 1100 °C. The melting start temperature increased as
the reduction degree increases. When the reduction degree was 50%, the melting
start temperature was 1280 °C, and melting start temperature was 1367 °C when
the reduction degree increased to 80%. As the melting start temperature increased,
the softening interval of the pellet increased, when the reduction degree increases
from 50 to 80%, the softening interval increases from 115 to 248 °C. The dropping
temperature was increased from 1416 to 1435 °C when the reduction degree
increases from 50 to 80%. Since the increase of the melting start temperature was
larger than the increase of the drip temperature, the temperature interval of DTM/°C
was decreased from 136 to 68 °C.

It can be seen from Table 3 that the maximum pressure difference occurred when
the reduction degree was 60%. When the reduction degree increased from 50% to

Fig. 1 a Reduction furnace. b The softening and melting furnace

Table 2 Index and physical significance of softening, melting and dripping of the pre-reduction
mixed burden

Parameters Physical significance

TS/°C Softening start temperature (°C), the burden lays contraction of 10%

Tm/°C Melting start temperature (°C), pressure drop steeply of burden lays

DTS/°C Softening zone interval (Tm − TS) (°C)

Td/°C Dripping temperature (°C), the temperature at which dripping starts.

DTM/°C Melting zone interval (Td− Tm) (°C)

DTC/°C cohesive zone Interval (Td − TS) (°C)

DPmax/Pa Maximum differential pressure (Pa)

S/KPa °C Permeability index (kPa °C) namely S ¼ R Td
Ts
ðDPmax � DPTÞdT

DPT means the differential pressure at T
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60%, the maximum pressure difference increased from 4292.4 to 5194 Pa. When
the reduction degree exceeded 60%, the maximum pressure difference decreased as
the reduction degree increased. When the reduction degree increased from 60 to
80%, the maximum pressure difference was reduced from 5194 to 1783.6 Pa. In
general, the maximum pressure difference of the pellets decreased as the reduction
degree of the pellets increased. Figure 3 shows the variation of the permeability
index of the pellets layer with the reduction degree. It can be seen from Fig. 3 and
Table 3 that as the reduction degree increased, the permeability index of the layer
decreased. When the reduction degree was 50%, the permeability index of the
pellets layer was 517.13 S/KPa °C. When the reduction degree increased to 80%,
the permeability index of the pellets layer was only 87.96 S/KPa °C.

In summary, as the reduction degree of the pellets increased, the range of the
cohesive zone of the pellets expands. The softening zone of the cohesive zone was
increased and the melting zone is reduced, the gas permeability of the pellets layer
is improved.

Table 3 Experimental results of softening, melting and dropping of pre-reduced pellets

R (%) T10%/°C T40%/°C DTB/°C Ts/°C Td/°C DTM/°C DPmax/Pa S/KPa °C

50 1125 1212 87 1280 1416 136 4292.4 517.13

60 1107 1200 93 1317 1426 109 5194 512.74

70 1114 1215 101 1339 1439 100 4802 431.20

80 1119 1248 129 1367 1435 68 1783.6 87.96
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Fig. 2 Interval of the blast furnace cohesive zone under different reduction degrees
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Influence Mechanism of Reduction Degree on Changes
of Cohesive Zone

According to the research results of Wu et al. [17], in the acidic pellets, the gangue
phase is mainly Fe2SiO4, and its melting point is only 1205 °C. The increase of the
reduction degree means that more iron is reduced to metallic iron, which increases
the resistance of the pellet; on the other hand, the iron in the pellet is more reduced,
and FeO content in the gangue phase is lowered, which reduces the content of
Fe2SiO4. The production of the cohesive zone includes liquid iron and slag, and the
melting point of iron is affected by the carbon content. A large number of studies
have shown that there are three ways of carburizing metal iron, namely direct
carburizing [18, 19], gaseous carburizing [20–22] and molten carburizing [23, 24].
Direct carburizing refers to the carbon of the coke or coal direct dissolution into
iron in form solid–liquid or solid–solid. According to the research results of Deng,
the amount of carburization from solid–solid form to metallic iron before melting is
very small, and it has little effect on the softening and melting of metallic iron, this
carburizing only occurs on the contact surface of coke and metallic iron. Comparing
the reduction conditions of the experiment and the conditions described in the
literature, it is known that the carburization reaction occurring during the reduction
has little effect on the carbon content of the metallic iron in the pellet, because
gaseous carburizing requires high CO concentration and temperature. During the
contact of iron-containing slag with carbon, the iron element in the slag will form
Fe–C particles. Due to the change of slag composition, the Macranganin effect
drives the molten Fe–C particles to carburize into the metallic iron. In this exper-
iment, molten carburizing is considered to be the main carburizing method. As the
reduction degree increases, FeO in the slag decreases, and the manner of molten
carburization is suppressed. Due to the increase in iron phase, the carbon content of
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Fig. 3 Variation of the
permeability of the pellet
layer with the reduction
degree

528 Y.-Z. Pan et al.



iron is reduced. Therefore, under conditions of high reduction degree, the melting
and dripping of the iron phase require a higher temperature.

Through the experiments in this study, it is found that increasing the reduction
degree can improve permeability and the softening and melting properties of the
pellets, which has important guiding significance for the blast furnace. First, it is
possible to achieve a higher reduction degree of reduction in the massive zone by
improving the reducibility of the iron-containing burden in the furnace. In addition,
the reduction atmosphere of the furnace is increased to improve the degree of
reduction before softening and melting. Finally, adding the appropriate proportion
of metallization burden to the blast furnace can be applied.

Conclusions

By using softening, melting and dropping experiments of different reduction
degrees of pellets, the correlation between reduction degree and softening and
melting properties of pellets were systematically studied. The results of the study
showed that the softening interval of the pellet became wider as the reduction
degree increased, the melting interval became narrower, the temperature range of
the softening interval increased, and the permeability was significantly improved.
Based on the results of previous studies, the reasons for obtaining the results of this
study were given. The increase of the reduction degree increased the amount of
metallic iron in the pellets, resulting in increasing deformation resistance of the
pellets, the formation of low-melting slag phase and molten carburization was
suppressed. According to the experimental results, some guidance was provided for
the production of the blast furnace in order to improve the permeability of the blast
furnace cohesive zone, which improving the reducibility of the iron-containing
burden, improving the reduction potential of the furnace and using the metallization
burden.
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Effect of TiO2 on the Viscous Behaviour
of the CaO–SiO2–14 Mass% Al2O3–8
Mass% MgO–TiO2 Slag

Zhengde Pang, Yuyang Jiang, Xuewei Lv, Zhiming Yan
and Wenchao He

Abstract In the present work, the effect of TiO2 on the viscosity and the free
running temperature of the CaO–SiO2–Al2O3–MgO–TiO2 slag system were stud-
ied. At fixed CaO/SiO2 ratio of 1.1, 14 mass pct Al2O3 and 8 mass pct MgO, the
viscosity decreases with an increase in TiO2 content between 20 and 30 mass pct
due to depolymerization of slag structure, which means that TiO2 behaves as a
network modifier. The free running temperature decreases with the increase of TiO2

content. The change of the apparent activation energy is in accordance with the
change of viscosity. Five different viscosity models and FactSage software were
employed to predict the viscosity. Yan’s model agrees well with experimental data.

Keywords TiO2 � Viscosity � Free running temperature � Viscosity models

Introduction

After rapid development of iron and steel industry in recent decades,high-grade iron
resources have been consumed gradually. The TiO2-rich iron ores are quite abun-
dant and basically have not been explored. Such resources have attracted increasing
attention and are gradually being used in the steel industry [1–3]. As a result of the
consumption of TiO2-bearing iron ores, the content of TiO2 in the blast furnace slag
has significantly increased. The TiO2 significantly changes slag physicochemical
properties such as the free running temperature, viscosity and stability. The free
running temperature is related to the fluidity of slag indicating temperature at which
slag can flow freely.
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Many studies [4–8] have been done to research the effect of TiO2 on the vis-
cosity of TiO2-bearing blast furnace slag (see Fig. 1). In the CaO–SiO2–Al2O3–

TiO2 slag system, Ohon and Ross [4] found out that the slag viscosity decreases
with the addition of TiO2 content under inert condition at various Al2O3 contents
between 10 mass pct and 20 mass pct. Work done by Park et al. [5] showed the
influence of TiO2 in the CaO–SiO2–Al2O3–MgO system, where TiO2 content
addition up to 10 mass pct decreased the slag viscosity under inert condition. This
result is consistent with the studies carried out by Liao et al. [6] and Sohn et al. [7].
Yan et al. [8] also indicated that under inert atmosphere the increased TiO2 addition
decreases the viscosity of liquid phase. However, the effect of TiO2 on the free
running temperature in combination with the viscosity is not well understood or
controlled for blast furnace slag. In this work, the influence of TiO2 addition on the
viscous behaviour of the CaO–SiO2–Al2O3–MgO–TiO2 slag has been studied by
using a rotating viscometer.

Experimental

The chemical composition of slag used in the present study is shown in Table 1.
The samples were prepared by analytical pure reagent CaO, SiO2, Al2O3, MgO and
TiO2 powder. To remove any carbonate, hydroxide or H2O, these chemical reagents

Fig. 1 Effect of TiO2 on the viscosity of CaO–SiO2–Al2O3–MgO-based slag at various CaO/SiO2

ratios at 1773 K

532 Z. Pang et al.



were calcined at 1273 K in a muffle furnace. The cylindrical pellet samples were
placed in a molybdenum crucible (inner diameter of 46 mm, outer diameter of
48 mm and height of 120 mm). Viscosity measurements were carried out by the
rotating cylinder method [9] using a Brookfield digital viscometer. The experi-
mental arrangement including the dimensions of the crucibles and spindle is
schematically shown in Fig. 2. Weighted analytic reagent powders (total weight:
200 g) were thoroughly pressed into cylindrical pellets. The sample and the crucible
were placed in the hot zone of the furnace, which was heated with MoSi2. The
crucible and probe, made of molybdenum, were used for the viscosity measure-
ment. To avoid the oxidation of the Mo crucible and probe, purified argon gas was
blown into the furnace chamber at a constant flow rate of 1.0 L/min. The sample
was heated to 1793 K and held for 3 h to form a homogeneous slag for viscosity
measurement. After the slag sample melted, the Mo probe was immersed in the melt
up to a depth of 2.5 mm via controlled position of the loading platform. The
viscosity of slag was measured every 20 K from 1773 to 1693 K.

Results and Discussion

Viscosity

Figure 3 shows change of the viscosity of the CaO–SiO2–14 mass% Al2O3–8 mass
% MgO–TiO2 slag as a function of TiO2 and temperature (1693–1773 K) at con-
stant CaO/SiO2 ratio of 1.1. The increase of TiO2 decreases the viscosity, which is
consistent with previous studies [10–12]. According to work done by Shankar et al.
[11], the decrease in the viscosity suggests that TiO2 behaves as a basic oxide,
which depolymerizes the slag network structure. Park et al. [5] have studied the
effect of TiO2 content on slag structure using Fourier transform infrared spec-
troscopy and found out that the corresponding vibration band of Si–O and Al–O
complex structure decreased with increased TiO2 content. This indicates that the
complex structure of Si–O and Al–O is reduced, and the slag viscosity decreased.

Table 1 Chemical
compositions of studied slag

CaO SiO2 MgO Al2O3 TiO2 CaO/
SiO2

A1 30.38 27.62 8 14 20 1.1

A2 29.33 26.67 8 14 22 1.1

A3 28.29 25.71 8 14 24 1.1

A4 27.24 24.76 8 14 26 1.1

A5 26.19 23.81 8 14 28 1.1

A6 25.14 22.86 8 14 30 1.1

Effect of TiO2 on the Viscous Behaviour … 533



Fig. 2 Experimental set-up for the viscosity measurement and dimensions of the crucible and
probe (dotted line box)

Fig. 3 Effect of TiO2 on the
viscosity of the CaO–SiO2–14
mass% Al2O3–8 mass%
MgO–TiO2 slag at CaO/SiO2

ratio of 1.1
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Free Running Temperature

The free running temperature of slag is another important indicator of viscous
behaviour [13, 14]. It depends on the free flow of slag after melting. It could be
determined by using the viscosity–temperature curve. Figure 4 shows effect of TiO2

on the viscosity–temperature curves, free running temperature of the CaO–SiO2–14
mass% Al2O3–8 mass% MgO–TiO2 slag at CaO/SiO2 ratio of 1.1. As expected, the
viscosity increases with decreased temperature. It is evident from that the free
running temperature decreases slightly when TiO2 content increases (see Fig. 4).

The viscosity data over the entire temperature region can be described by an
Andrade equation [15] (see Eq. 1):

g ¼ g0 exp
Eg

RT

� �
ð1Þ

where η0, Eη and R are constant, the apparent activation energy of viscous flow and
the universal gas constant, and T is the thermodynamic temperature. Variations of
Eη can reveal the change of frictional resistance for viscous flow indicating a
change in the structure of the molten slag or, more directly, a change in the cohesive
flow units forming the slag structure. Figure 5a shows viscosities of slag as a
function of reciprocal temperature, and Fig. 5b shows the relationship between the
content of TiO2 and the apparent activation energy of viscous flow calculated
according to Eq. (1). The apparent activation energy (Eg) decreases with increasing
TiO2 content, which is very similar to the change of the free running temperature.
This result also indicates that the structural unit for viscous flow of slag becomes
smaller with increasing TiO2 content.

Fig. 4 Effect of TiO2 on the
viscosity–temperature curves
of the CaO–SiO2–14 mass%
Al2O3–8 mass% MgO–TiO2

slag at CaO/SiO2 ratio of 1.1
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Models and Prediction of Viscosity

The measured viscosities were compared with the estimated viscosities from
FactSage software and five different models, which are Riboud’s model, Urbain’s
model, Zhang’s model, optical model and the modified Reddy model by Yan et al.
[16–20]. Figure 6 shows the comparison between the measured and the estimated
viscosity for the CaO–SiO2–MgO–Al2O3–TiO2 slag, from which it can be seen that
Yan’s model agrees well with experimental data (the average deviation is 11.3%).
This model is structural-based, and the temperature dependence of viscosity is
calculated by the Arrhenius equation. The temperature compensation effect was
considered in the calculation. For the CaO–SiO2–MgO–Al2O3–TiO2 slag system,
the viscosity values can be accurately predicted by the modified Reddy model.

Fig. 5 Temperature
dependence of viscosity
(a) and apparent activation
energy (b) of the CaO–SiO2–

14 mass% Al2O3–8 mass%
MgO–TiO2 slag at CaO/SiO2

ratio of 1.1
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Conclusions

In present work, the viscous behaviour of the CaO–SiO2–14 mass% Al2O3–8 mass
% MgO–TiO2 slag system was experimentally studied. The viscosity and the free
running temperature were measured, and the apparent activation energy was cal-
culated using Arrhenius equation. The increase of TiO2 addition decreases the slag
viscosity and the free running temperature. The apparent activation energy
decreases with increasing TiO2 content, which is similar to the change of the free
running temperature. The estimated viscosity values by modified Reddy model
agree well with experimental values.
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Granulation of Semisteel by Rotary Disc
Atomizer

Wenchao He, Xuewei Lv, Feifei Pan, Xueqin Li, Zhiming Yan
and Zhengde Pang

Abstract Semisteel, the main by-product of titania slag smelting process of
ilmenite concentrate with an electric furnace, is of high sulphur and low carbon. As
a result, the semisteel cannot be widely used in the steeling process and the market
value is relatively low. In order to enhance the added value of semisteel, a novel
process which was based on a rotary disc atomizer was suggested on semisteel to
produce iron powders in the present study. The oxidation degree of the obtained
iron granules was studied by thermogravimetric analysis (TG) in the mixture gas of
nitrogen and hydrogen.

Keywords Granulation � Semisteel � Rotary disc atomizer

Introduction

Natural rutile, one of the important resources for producing titanium dioxide, is
mainly deposited in Australia, South Africa and India with a global reserve of about
45 million tons [1]. Ilmenite has been used in titanium industry as the raw material
due to the gradual depletion of natural rutile resource. Generally, the ilmenite
concentrate is smelted by the electric furnace to obtain Ti-rich material with high
grade [2, 3]. High-titania slag and semisteel are the main product and by-product of
titania slag smelting process of ilmenite with electric furnace, respectively. The
obtained high-titanium slag becomes the main raw material for titanium dioxide
production. However, the semisteel cannot be widely used in the steelmaking
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process because of its high sulphur–low carbon content. As a result, the market
value of the semisteel is relatively low. A series of post-treatment processes such as
adding carburizing agent, desulphurizing agent and ferroalloy are generally con-
ducted on the semisteel to produce cast iron in the steelmaking plant [4]. While the
cast iron production process has a number of drawbacks, like the long flow and high
energy consumption, an alternative process is needed to enhance the added value of
semisteel.

Titanium dioxide is mainly produced by the sulphate process in China. The
ferric iron attached to the titanium dioxide’s surface will affect the whiteness of the
titanium dioxide. Therefore, iron powders are needed to reduce the ferric iron (Fe3+)
in the titanyl sulphate solution during the reducing step of the sulphate process [5].
A novel iron powder production process using semisteel was proposed in the
present work according to the component characteristics of the semisteel. The iron
powders produced by semisteel were used in the sulphate process, so there is no
need to remove the sulphur.

In China, the iron powder is mainly produced by Hoganas process and water
atomization process [6, 7]. The Hoganas process with forging scale or iron con-
centrate powders as raw materials includes the following steps: carbon reduction in
the tunnel, crushing, hydrogen reduction in the belt furnace, screening and blend-
ing. In particular, the carbon reduction in the tunnel and the hydrogen reduction in
the belt furnace last for nearly 74 and 3 h, respectively, resulting in high energy
consumption and low production efficiency. The water atomization with hot metal
or molten steel as raw materials can be divided into a number of steps: water
atomization by high-pressure water, dying, hydrogen reduction in the belt furnace,
crushing, screening and blending. Although the water atomization process is of
high production efficiency, it has obvious drawbacks like water consumption and
energy consumption. Therefore, an alternative process is required to obtain iron
powders.

Previously, a number of atomization processes have been proposed and carried
out in the investigation of molten slag, including the rotary cup atomizer process,
rotary disc or drum atomizer process, rotary cylinder atomizer process and rotary
multi-nozzle cup atomizer process [8–12]. In comparison with the water atomiza-
tion process, the rotary atomization consumes less water and electrical energy.
Therefore, the rotary disc atomizer process was adopted to produce iron powders in
the present study.

Experimental

Materials

The semisteel was obtained from one steel company in China. The main chemical
composition of the semisteel is shown in Table 1.
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Apparatus and Procedures

Figure 1 shows the schematic diagram of the rotary disc atomizer apparatus used in
the present study. The experimental apparatus mainly includes four parts: (1) a
graphite crucible with a hole at the bottom with an induction coil in the outer layer;
(2) a rotary disc atomizer; (3) a rotation-driving equipment—The rotating speed can
be adjusted through the frequency converter, and the maximum value is 3000
revolutions per minute (rpm); (4) the iron granules collector.

The semisteel was melted in a graphite crucible and kept at approximately
1723 K (1450 °C). The rotary disc was preheated for 15 min using a burner with
nature gas to avoid the breakage due to the thermal shock. Rotation speed was fixed
at a desired value, and the molten alloy was poured onto the centre of the rotating
disc. The molten semisteel was spread out from the edge of the disc and disinte-
grated into droplets. The droplets were cooled and satisfied to granules.

The flow rate of molten semisteel in the experiment was nearly 1.3 � 10−5 m3/s,
and the rotating speed was 800 rpm.

Table 1 Chemical composition of the semisteel

Composition Fe S C

Content (wt%) 97.4 0.35 0.15

Fig. 1 Schematic of experimental apparatus and multi-nozzles rotary cups
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According to the water atomization process, a series of post-treatments were
conducted on the obtained iron granules including hydrogen reduction in the belt
furnace. In the present study, the iron granules were reduced in a hydrogen
atmosphere with the Netzsch STA 449C thermal analyzer.

Results and Discussion

Morphology of Iron Granules

The obtained iron granules with different diameters at 800 rpm is shown in Fig. 2.
By contrast, the iron granule with smaller size has a better spherical morphology.
Besides, the surface colour of the majority of iron granules is grey. It is speculated
that a layer of iron oxides was formed on the surface of the iron granules during the
atomization process. Therefore, the TG measurements are required to remove the
iron oxide layer and study the oxidation degree of the obtained iron granules.

TG Analysis

The TG measurements on the iron granules with different size were conducted in
the Netzsch STA 449C thermal analyzer at 1173 K (900 °C). The reducing
atmosphere used in the present study was H2-75% and N2-25% gas mixture. During
the TG experiments, the weight loss of iron granules can be approximately taken as
a constant when the reaction time was 1 h. Figure 3 shows the weight loss of iron
granules, and the corresponding oxidation degree of iron powders of different size.
It can be found that when the particle size is in the range from 0.3–0.35 mm to
0.6–0.55 mm, the oxidation degree varies from 11.67 to 8.13%. The results indicate
that the oxidation degree decreases with the increase of the particle size.

According to the TG analysis, the oxidation degree of the iron powders obtained
by the rotary disc atomizer process is higher than that of the iron powders obtained
by the water atomization. Additionally, the iron powders less than 0.45 mm should
be more than 95% in the industrial sulphate process. In order to decrease the

Fig. 2 The obtained iron granules with different sizes
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oxidation degree of the iron powders and investigate the distribution of iron
granules, the effect of rotating speed and flow rate of the semisteel should be further
studied in the future.

Conclusions

In order to enhance the added value of the semisteel, a novel process for producing
iron powders is described in this paper. The iron granule obtained by rotary disc
atomizer process with smaller size has a better spherical morphology. The oxidation
degree of iron powder decreases with the increase of the particle size and varies
from 11.67 to 8.13% when the particle size is in the range from 0.3–0.35 mm to
0.6–0.55 mm.
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Dissolution Kinetics of Titanium
in Carbon-Saturated Iron

Leizhang Gao, Tongxiang Ma, Zhiming Yan and Meilong Hu

Abstract Adding titanium ore in the blast furnace is an efficient method to prolong
its hearth life. The content of titanium is important for prolonging blast furnace life.
In this study, the dissolution kinetics of titanium in carbon-saturated iron was
studied. The carbon-saturated pig iron was heated to 1200, 1250 and 1300 °C,
respectively, and then an appropriate amount of titanium-iron alloy powder was
added. After a certain period of time, a quartz tube was used to take out the samples
from the molten iron and the solubility of titanium was measured by an inductive
coupled plasma emission spectrometer (ICP). By fitting the experimental results
with different solid–liquid reaction kinetics models, the limiting step of the whole
process was determined. The results show that in the process of dissolution the
mass diffusion is the limiting step. According to the Arrhenius empirical equation,
the activation energy of the dissolution is about 450.96 kJ/mol.

Keywords Dissolution kinetics � Carbon-saturated pig iron � Activation energy

Introduction

Since the development of the blast furnace, the smelting intensity became more and
more important and increasing emphasis has been placed on extending the cam-
paign life of the blast furnace. The two main restrictions on campaign life are shell
cracking and hearth refractory erosion. Of these, the restriction of shell cracking
was overcome using a cooling system and repair engineering [1]. To date, pre-
mature hearth failure is one of the main factors limiting blast furnace campaign life.
Before 1890, metallurgists [2] agreed that titanium was detrimental to ironmaking
process. After 1914, Bachman [3] detailed a series of extended blast furnace trials
using titaniferous ores sourced in an attempt to determine their commercial value.
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Until 1977, Narita et al. [4] concluded that titanium compounds were effective in
protecting against erosion. After nearly 180 years of development, using
titanium-bearing iron ores as raw materials in the blast furnace has been determined
to be effective and is the main strategy for extending campaign life [5–9]. Many
studies have been published about protecting the hearth using titanium
dioxide-bearing ores as raw materials [10–12], most of which focused on the
thermodynamics of the relationship between the titanium solution and temperature.
The content of titanium is very low in carbon-saturated iron, so it is necessary to
obtain dissolution rate of titanium.

Insert the metal titanium rod directly into the molten steel, two separate disso-
lution periods were identified: a steel shell period and a free dissolution period [13].
When the rod was in contact with the melt, a solidified shell was formed around the
rod, which was not conducive to the determination of the dissolution time.
Afterwards, the method of studying the dissolution kinetics was improved in the
experiment, using rotation or stirring. When exploring the factors affecting the
dissolution rate, the dissolution temperature, the rotation speed and the particle size
are generally considered [14, 15]. In this experiment, the free dissolution method
was used. In order to prevent the surface of the sample from forming an outer shell,
ferrotitanium alloy powder was added at the experimental temperature to obtain a
free dissolution rate of titanium.

Experimental

Raw Materials

Pig iron was obtained from Steel Corp in China. The composition of the ferroti-
tanium alloy and iron block was given in Table 1.

Preparation of Samples with Different Titanium Contents

The desired titanium content in pig iron was obtained by adding ferrotitanium alloy
and pig iron in an alumina crucible (73 mm diameter � 63 mm height) in this
study. To prevent the alumina crucible from breaking, the crucible containing a
mixture of pig iron was placed in another big alumina crucible. Finally, the cru-
cibles were placed in a furnace, as shown in Fig. 1.

Table 1 The iron block and
ferrotitanium compositions
(wt%)

Element Fe C Ti Si Mn

Iron block 94 4.57 0.04 0.53 0.47

ferrotitanium 48 0.10 35 4.5 2.5
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The whole process was performed in an argon atmosphere. The temperature was
raised at a normal heating rate and finally held at the target temperature for 4 h to
ensure that the entire molten iron reaches the target temperature. At the end of the
holding time, the furnace cover was opened and molten iron was absorbed using a
quartz tube (inner diameter of 5 mm) to obtain the original titanium content in the
pig iron. Then using the same specification quartz tube to add ferrotitanium alloy
(after the alloy is added, the titanium dissolves and just reach saturation), simply stir
it to disperse the alloy on the surface of the molten iron, and no longer stir in the
subsequent sampling. After the alloy was added, samples were taken at 0.5, 1.5, 3.5,
7.5, 15.5, 23.5 and 31.5 h. The extracted sample was obtained by ICP to determine
the solubility of titanium.

Results and Discussion

Titanium Dissolution Rate

The ferrotitanium alloy has a small particle size (80 mesh), and it is considered that
the temperature immediately reaches the target temperature after the powder was in
contact with the molten iron (1 kg), and the molten iron cooling layer is not formed
on the surface. Define the dissolution rate X(Ti) of titanium as shown in Eq. (1) [16]:

XðTiÞ ¼ wt � w0

w1 � w0
ð1Þ

where wt is titanium solubility at time t, w0 is titanium solubility at time 0, w∞ is
titanium solubility at equilibrium time.

Fig. 1 Schematic of the equipment used to prepare the sample of pig iron with saturated carbon
and different titanium contents
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The relationship between solubility and temperature of titanium has been studied
by many scholars, but the samples used were different from those of on-site pig
iron. The relationship between the solubility of titanium in the pig iron on site and
the temperature has been obtained before this experiment, as shown in Eq. (2)
below:

½WTi� ¼ 5099:88
T

þ 2:48 ð2Þ

where WTi is titanium solubility, T is temperature.
At the target temperature of 1200, 1250 and 1300 °C, the sample obtained was

tested by ICP, and the content of titanium and dissolution rate was shown in Fig. 2.
Dissolution can be divided into two stages, rapid dissolution and slow dissolution.
After the alloy was added into the molten pig iron, the alloy was in the rapid
dissolution stage for the first 3 h. The concentration of the titanium metal dissolved
and detached around the alloy was higher than that of the molten iron. The diffusion
resistance was relatively small, so it could be quickly diffused out. After 3 h, the
differential concentration of titanium around the alloy and titanium in the molten
iron resulted in slow dissolution.

The Dynamics Model of Solid–Liquid Reaction

The Dynamics Model

At present, the solid–liquid reaction kinetics model of mineral dissolution mainly
includes first-order reaction model, solid–liquid interface dissolution model and
internal diffusion-type model.

Fig. 2 The titanium content
in the molten iron with time
increasing at 1200, 1250,
1300 °C
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(1) First-order reaction dynamics
The reaction rate is related to the concentration formability of the reactants. The
first-order reaction model reaction rate Eq. (3) [17] is:

dM
dt

¼ �KMm ð3Þ

where M is the content of titanium in the experimental sample, K is the reaction
rate constant, m is the number of reaction stages. Also, where m = 1, integrate
both sides of the Eq. (3) and get:

lnð1� XÞ ¼ Kt ð4Þ

(2) Solid–liquid interface dissolution model
When the solid–liquid interface dissolution reaction is controlled, the interface
between Fe in the melt and alloy, Fe acts on the surface of the particles, so that
titanium falls off and dissolves. The reaction rate Eq. (5) [18] is:

dX
dt

¼ K
3V
r30

� �
ð1� XÞ2=3 ð5Þ

where V is the molar volume of the reactant and r0 is the mineral particle size.
Integrate both sides of the Eq. (5) and get:

1� ð1� XÞ1=3 ¼ Kt ð6Þ

(3) Internal diffusion-type model
When the internal diffusion reaction of solid–liquid reaction is controlled, as the
dissolution reaction, the product layer of dissolved titanium thickens, and the
resistance to the diffusion of Fe atoms in the molten iron to the interface
becomes larger and larger. The kinetic Eq. (7) [19] is:

1� 3ð1� XÞ2=3 þ 2ð1� XÞ ¼ Kt ð7Þ

At the temperatures corresponding to those in Fig. 1, the dissolution rate X of
titanium and the time t were brought into Eqs. (4), (6) and (7) to obtain the
linear correlation R2 and degree of fitting Q. This data was processed using
MATLAB programming. The results were shown in Fig. 3.

It can be seen from Fig. 3 that the values of the degree of fitting Q increase with
the increasing of the temperature of the three control models, indicating that the
temperature rises and the numerical fitting error becomes larger. The more high the
temperature, the more intense the diffusion of the titanium, resulting in greater
fluctuations in the experimental data obtained. Compared with the linear correlation
R2 and the degree of fitting Q of each model. At every temperature, the fitting
linearity R2 of the internal diffusion-type model 1–3(1 − X)2/3 + 2(1 − X) is the
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best, and the degree of fitting error Q is the smallest. Therefore, the internal
diffusion-type model most conforms to ferrotitanium alloy dissolved in
carbon-saturated molten pig iron.

Activation Energy E

In the process of seeking the dissolution activation energy E, using the Arrhenius
equation, as shown in Eq. (8) [20]:

K ¼ A � e� E
RT ð8Þ

The dissolution activation energy E can be calculated by deforming the Eq. (8),
as shown in Eq. (9):

lnK ¼ ln A� E
RT

ð9Þ

where E is the dissolution activation energy, K is the slope of the fitting function,
T is the temperature, R is the gas constant and A is fixed parameters.

The K value and the temperature T corresponding to the internal diffusion-type
model at 1200, 1250 and 1300 °C are brought into the Eq. (9), and the fitting result
is shown in Fig. 4. Where the linear correlation value of R2 is 0.9894, the relative
error is less than 2% (generally between 2 and 5%). From the slope of the line, the
dissolution activation energy E is 450.96 kJ/mol. This indicates that the titanium
dissolves slowly.

Fig. 3 The fitting result of
solid–liquid reaction kinetics
equations (R2: linear
correlation, Q: degree of
fitting)
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Conclusions

Dissolution of titanium in molten pig iron can be divided into two stages, rapid
dissolution and slow dissolution. The rapid dissolution makes up about 10% of the
whole dissolution time. The dissolution and diffusion of titanium dissolved in
carbon-saturated molten pig iron is the main limiting step in the whole process.

The dissolution activation energy of the titanium element dissolved in
carbon-saturated molten pig iron was about 450.96 kJ/mol showed that the disso-
lution speed of titanium is very slow.
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Research on Mineral Structure
and Compositions of Peru Raw Ore

Wen Pan, Lei Liu, Ya-peng Zhang, Xia Zhao and Zhi-xing Zhao

Abstract In this study, mineral structures and compositions of Peru raw ore
(PRO) were investigated by optical microscope, scanning electron microscope and
X-ray diffraction. The results show that PRO is primarily composed of magnetite,
haematite, gangue and sulphide. A small amount of chalcopyrite and calcium
phosphate also exist in PRO. Gangues are mainly quartz minerals. Sulphides exist
as FeS, Fe2S3 and FeS2, respectively. Sulphides, most of which accrete with
gangues, are embedded among ferrous bodies in the form of banding, schistose, or
porphyritic structures. The particle sizes of sulphides and gangues are between 200
and 500 lm. Some of them are over 1000 lm. It can be concluded that high
liberation degree of sulphides and gangues will be obtained after crushing. After
flotation and magnetic separation in Shougang Jingtang dressing plant, the Fe
content of PRO was improved from 56.68 to 65.75%. The sulphur content dropped
to 0.48% from 3.44%.

Keywords Peru raw ore � Mineral compositions � Microstructure � Beneficiation

Peru is rich of iron ore resources with a reserve of 882 million ton and an average
grade of more than 50%, which are mainly distributed in Ica province, Arequipa
province and Andes mountains [1]. Shougang Hierro Peru S.A.A, a subsidiary of
Shougang group, is the largest Chinese mining investment company in South
America. The PRO studied in this paper, with low price and high original grade,
were from the iron ore company. Study on the microstructures and mineral
compositions of the iron ore was carried out by the mineralogical research methods
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[2–4], which provides technical references for the subsequent usage of the raw iron
ore in Shougang Group.

Samples and Experiments

From the perspective of macroscopic morphology, the PRO was compact. Bright
striped, flaky metallic luster minerals were observed scattering in the ore matrix
after cutting, rough grinding and polishing, as shown in Fig. 1. Table 1 presents the
chemical compositions of PRO. The PRO has relatively high original grade, which
is nearly 57%, but it also contains ultra-high sulphur content, which is up to 3.44%.

In order to further understand the internal structure of PRO, the microstructure
and mineral compositions of PRO were investigated with optical microscope,
scanning electron microscope and X-ray diffraction phase analysis (XRD). The
optical microscopy used in the test was the German Leica optical microscopy, the
scanning electron microscopy was the Japanese electron jsm-7001f scanning
electron microscopy and the XRD analysis was conducted using the German
company brock X-ray diffraction instrument.

Fig. 1 Macro morphology of
PRO

Table 1 Chemical composition of PRO (wt%)

TFe SiO2 CaO MgO Al2O3 K2O Na2O S ZnO LOI

56.68 9.42 2.17 2.98 1.42 0.43 0.19 3.44 0.17 −0.50
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Microstructures of PRO

Figures 2a–d are the microscopic appearance of the PRO under reflected light (50
times) of optical microscopy. It can be seen that PRO is mainly composed of iron-
bearing minerals, metallic luster minerals and gangue; among which the metallic
luster minerals need to be analysed and identified by scanning electron microscopy
and XRD.

Most of the above-mentioned metallic luster minerals are exhibited as porphyric
structures, bands or sheets. And most of the grains were between 200 and 500 mm,
and a few grains were larger than 1000 mm in diameter. A part of the gangue was
clustered between the magnetite grains (Figs. 2a and b), and the other part was
patchy and scattered among the metallic luster minerals (Fig. 2d). Both the metallic
luster minerals and the gangue minerals are clustered and have a high degree of
dissociation. Therefore, the separation of the gangue minerals, the metallic luster
minerals and the iron bearing minerals can be realized by crushing the PRO below
−90 meshes (180 lm).

Fig. 2 Optical microscope images of PRO. 1—Metallic luster minerals; 2—Ferric oxide; 3—
Gangue
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Mineralogy Analysis of PRO

Scanning electron microscope and elemental energy spectrum analysis were applied
to investigate the mineral types in PRO. The results are shown in Fig. 3.

Energy Spectrum Analysis of Mineral Elements

Figures 4a–d are some scanning electron microscopy photographs of PRO.
Combined with the observation results of the optical microscope and the analysis
data of elemental energy spectrum, the element compositions of minerals under the
scanning electron microscopy were classified and sorted. The results are shown in
Table 2, 3, 4, 5 and 6.

(A) metallic Luster Minerals

According to the results of energy spectrum analysis in Table 2, the main
compositions of metallic luster minerals were iron sulphide which included FeS2,
FeS and Fe2S3. It can be seen that the Fe/S molar ratio of iron sulphide in PRO was
between 0.99 and 1.97. Thus, it can be inferred that the metallic luster minerals in
PRO contained all three kinds of iron sulphides. In addition, solid solution of
element boron can be occasionally seen in some iron sulphide minerals, as shown in
Table 2, position 3.

(B) Ferric Oxides

It can be seen from Table 3 that Fe content of iron bearing minerals in PRO was
between 60.34 and 71.80%. All the measured points of ferric oxides contain sul-
phur, and the mass percentage was in the range of 1.0–3.0%.

(C) Gangues

According to the results of the energy spectrum analysis of gangue minerals in
Table 4, Si, Mg and Fe are the main elements of gangue minerals, which were
similar to ferric oxides. All the monitoring points of gangue minerals contain
sulphur, and the content range was between 1 and 10%. In addition, Al is present in
many of the observation points of gangue minerals with concentration between 0.5
and 4 wt%.

(D) D) Unknown mineral #1

A large area of dark grey unknown mineral, called unknown mineral #1, was
observed under the scanning electron microscope in PRO. According to the energy
spectrum analysis of the elements in Table 5, this mineral was mainly composed of
P and Ca elements. The molar fraction ratios of P and Ca elements of the three
measurement points are, respectively, 1.50, 1.49 and 1.51, which are very close to
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Point O Na Mg Al Si S Cl Ca Fe
Point 1 49.14 10.86 0.58 20.63 2.41 0.32 16.07 
Point 2 33.32 0.46 1.26 1.02 63.93 

Point 3 9.94 0.48 0.84 31.99 56.74 
Point 4 24.71 2.07 1.03 31.09 41.10 
Point 5 24.44 1.19 74.37 

Point 6 28.90 0.92 1.43 19.48 2.28 1.37 45.61 

Fig. 3 SEM images and EDS analysis results of PRO
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the molar fraction ratios of P and Ca in Ca3(PO4)2 (1.50). Therefore, it was
determined that this mineral was calcium phosphate.

(E) Unknown mineral #2

The bright sheet unknown minerals, marked as unknown mineral #2, were found
in all of the scanning electron microscopy (SEM) photographs of several PROs.
According to energy spectrum analysis in Table 6, the mineral was mainly com-
posed of Cu, S and Fe elements. The Fe, Cu, S mole fraction ratio are: 1. 93:1.02,
1:1. 93:1.20, 1:2. 75:3.21 in three points. In addition to point 3, the mole fraction
ratios of the other two points were closely to chalcopyrite (CuFeS2). So, the mineral
is presumed to be chalcopyrite

Distributions of Main Chemical Elements

According to the energy spectrum analysis data of the above elements, the distri-
butions of S, Fe, Si, Mg, Ca, Al, Na and K in sulphide, iron oxide, gangue, calcium
phosphate and chalcopyrite were calculated.

Fig. 4 SEM images of PRO. 1—metallic luster minerals, 2—ferric oxides, 3—gangue, 4—
unknown mineral #1, 5—unknown mineral #2
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(1) S element

Figure 5 showed the distribution of S elements in various minerals. S elements
were widely distributed in all minerals of PRO, and the sequence of content from
high to low was as follows: sulphide, chalcopyrite, gangue, calcium phosphate and
ferric oxides.

Table 2 EDS analysis results of minerals with metallic luster (%)

Position S O Fe Mg Si Ca Cu B Na K P Fe: S
(molar
fraction)

1 31.99 9.94 56.74 0.84 0.48 1:0.99
(FeS)

2 31.09 24.71 41.10 1.03 2.07 1:1.32
(FeS.
Fe2S3)

3 27.08 23.21 32.77 0.58 1.59 0.46 1.28 12.11 0.58 0.34 1:1.45
(Fe2S3)

4 34.42 20.84 41.42 0.32 1.80 0.40 0.80 1:1.45
(Fe2S3)

5 37.78 4.57 57.27 0.39 1:1.15
(FeS)

6 49.75 4.49 45.75 1:1.90
(FeS2)

7 47.75 6.15 44.88 0.49 0.74 1:1.86
(FeS2)

8 47.07 5.28 41.74 2.32 0.62 1.20 1:1.97
(FeS2)

9 46.72 5.55 42.02 2.90 1.08 1:1.95
(FeS2)

10 46.41 6.58 47.01 1:1.73
(Fe2S3.
2FeS2)

Table 3 EDS analysis of ferric oxides (%)

Position Fe O S Na Mg Si Cl Ca K P

1 63.93 33.32 1.02 0.46 1.26

2 74.37 24.44 1.19

3 69.37 28.17 1.82 0.63

4 63.31 24.97 2.75 4.12 0.57 0.98 1.09 0.63 1.57

5 69.24 28.99 1.16 0.61

6 69.65 27.30 1.67 0.60 0.79

7 70.58 26.02 2.81 0.59

8 60.34 19.89 1.01 9.68 1.33 6.08 1.00 0.68

9 67.72 31.15 1.13

10 71.80 27.09 1.11
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(2) Fe element

Figure 6 showed the distribution of Fe in various minerals. Similar to sulphur,
Fe was distributed in all minerals, and the content of Fe is successively from low to
high: iron oxides, sulphide, chalcopyrite, gangue and calcium phosphate. The type
of ferric oxides was determined by XRD analysis in the following part.

(3) 3) Si, Mg, Ca, Al

Figures 7a–d, respectively, showed the distribution of Si, Mg, Ca and Al in each
mineral. Generally, the above four elements were mainly distributed in gangue
minerals, especially Al element. Ca was the highest in calcium phosphate, followed
by gangue.

(4) Na, K

The alkali metal elements Na and K have a small amount of distribution in each
mineral, as shown in Figs. 8a and b. In comparison, Na element was more widely

Table 4 EDS analysis of gangues (%)

Position Si Mg S O Fe Na Al Cl Ca Cu

1 20.63 10.86 2.41 49.14 16.07 0.58 0.32

2 19.48 1.43 2.28 28.90 45.61 0.92 1.37

3 21.74 10.25 3.49 43.08 10.15 1.47 7.51 2.32

4 21.61 11.45 2.38 44.31 13.41 0.55 6.29

5 19.31 8.85 4.74 43.47 16.42 1.17 6.03

6 11.03 8.39 1.31 37.96 29.64 3.70 4.00 3.97

7 19.58 9.69 9.59 39.04 14.84 0.83 6.42

8 11.48 7.73 5.23 38.33 33.15 4.07

Table 5 EDS analysis of unknown mineral #1 (%)

Position P Ca O S Na Si Cl Fe F

1 19.02 36.88 34.79 1.64 0.58 0.49 2.00 4.61

2 15.33 29.56 35.91 5.04 0.52 9.32 4.32

3 16.58 32.40 39.13 0.70 0.83 0.42 5.54 4.40

Table 6 EDS analysis of unknown mineral #2 (%)

Position Cu S Fe O Mg Si Ca K

1 31.29 30.47 28.11 5.84 1.10 2.07 0.64 0.48

2 30.54 29.70 32.45 6.84 0.46

3 16.68 23.15 47.26 10.86 2.05
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distributed, existing in all minerals except calcium phosphate, and the contents
fluctuated greatly. For example, in ferric oxides, Na content was close to 10% at the
highest level and less than 1% at the lowest level. K is only occasionally found in
sulphides, ferric oxides and calcium phosphate (less than 2%).

XRD Analysis of PRO

XRD analysis was carried out to further confirm the mineral species and quanti-
tatively analyse the percentage content of each mineral. The test samples were
grinded to −200 meshes. The results were shown in Table 7.

According to the X-ray diffraction results, the ferric oxides in PRO were mainly
magnetite and a few haematites. The main mineral in gangue was quartz. However,
no sulphide, chalcopyrite and calcium phosphate minerals were found in the X-ray
diffraction results of the test samples, mainly because the contents of these three
minerals in the sample were lower than the measured range (Fig. 9).

As the sulphide mineral types in PRO cannot be confirmed with the power
sample, the sample of PRO used in the optical microscope (See in Fig. 1) was put in

Fig. 5 Distribution map of
element sulphur

Fig. 6 Distribution map of
element ferrum
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X-ray scanner. And the X-ray beam was directly located to the sulphide mineral
(metallic luster minerals). Two points were selected (See in Fig. 10a and b).

All the mineral types in the scanning area of point 1 were magnetite (Fe3O4), and
the sulphide mineral was still not detected due to the low content of sulphide in the

Fig. 7 Distribution map of element Si, Mg, Ca and Al

Fig. 8 Distribution map of element Na, K
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region. According to Fig. 10b, the mineral type in the scanning area of measuring
point 2 was pyrite (FeS2), which was consistent with the conclusions of scanning
electron microscopy and energy spectrum analysis above. Therefore, it can be
confirmed that pyrite existed in PRO.

Table 7 XRD analysis result
of powder PRO (%)

Fe3O4 Fe2O3 SiO2

61.7 5.6 32.7

Fig. 9 X-ray diffraction pattern of PRO

Fig. 10 X-ray diffraction pattern of lump PRO
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Industrial Application of PRO

In the case that the load of sintering S is not excessive, a part of PRO was directly
broken and then used for sintering by shougang jingtang to take the price advantage
of PRO [5].

As the sulphide minerals, gangue minerals and ferric oxides in PRO had a good
degree of dissociation, a part of PRO was processed with combined separating
technology (flotation and magnetic separation) after breaking and grinding, which
would effectively reduce the content of K, Na and some other harmful elements
such as zinc, S. Chemical compositions before and after processing were shown in
Table 8.

Conclusions

(1) The main minerals in PRO were magnetite, haematite, gangue and sulphide, as
well as a small amount of chalcopyrite and calcium phosphate. In the gangue,
quartz was the main mineral. And the sulphide includes FeS2, FeS and Fe2S3.

(2) Element S was widely distributed in all minerals of PRO, and the content was
in the order from high to low: sulphide, chalcopyrite, gangue, calcium phos-
phate and ferric oxides.

(3) Si, Mg, Ca and Al are mainly distributed in gangue minerals, especially Al
elements. No Al element was found in other minerals.

(4) Elements Na and K had a small amount of distribution in each mineral. In
comparison, Na elements are more widely distributed and existed in all min-
erals except calcium phosphate. K was only occasionally found in sulphide,
ferric oxides and calcium phosphate, and its content was not high (less than
2%).

(5) The grains of gangue mineral and sulphide in PRO were between 200 and
500 mm in diameter. There was high degree of dissociation between ferric
oxides and gangue, which was easy to separate after crushing.

(6) After the combined separating processing at Jingtang iron & steel co., ltd. in
Shougang Group, the grade of Fe increased from 56.68 to 65.75%, S content
decreased from 3.44 to 0.48%, K2O content decreased from 0.43 to 0.16%,
Na2O content decreased from 0.19 to 0.11% and ZnO content decreased from
0.17 to 0.01%.

Table 8 Chemical compositions of PRO before and after beneficiation (wt%)

TFe SiO2 CaO MgO Al2O3 K2O Na2O S ZnO LOI

Before 56.68 9.42 2.17 2.98 1.42 0.43 0.19 3.44 0.17 −0.50

After 65.75 4.13 0.47 1.59 0.84 0.16 0.11 0.48 0.01 −1.57
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A Literature Review of Heat Capacity
Measurement Methods

Guishang Pei, Junyi Xiang, Gang Li, Shanshan Wu, Feifei Pan
and Xuewei Lv

Abstract Heat capacity is the fundamental thermodynamic parameter, which
always be used to obtain enthalpy, entropy and Gibbs energy. Those thermody-
namic parameters are critical for chemical reaction, phase equilibrium, material
synthesis and design. Various calorimetric methods for the measurement of the heat
capacity have been reviewed and compared. The measurement methods of the heat
capacity can be divided into two types: low-temperature and high-temperature heat
capacity measurement, according to the temperature. The principle and equipment
have been introduced systematically. It is recognized that the Drop method is
becoming increasingly important, as it can provide more precise calorimetric data at
high temperature that was attributed to its special 3D heat sensor.

Keywords Calorimetric methods � Heat capacity � DSC � Drop method

Introduction

Thermodynamics is the branch of physical chemistry concerned with heat and
temperature, which deals with energy and the transformation of energy in various
ways [1]. Thermodynamics developed out of a desire to increase the efficiency of
early steam engines, particularly through the work of French physicist [2].
Subsequently, Scottish physical Lord Kelvin [3] was the first to formulate a concise
definition of thermodynamics in 1854. The principle of thermodynamic lay the
foundation for phase transformation, phase equilibrium, chemical reaction, material
synthesis and design. In thermodynamics, various functions, which are deduced
from three laws of thermodynamics, were proposed to describe the present state
according to different conditions, such as internal energy, entropy, enthalpy,
Helmholtz function and Gibbs free energy et al [4]. Moreover, as for the several
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state functions, Gibbs free energy [5] (DG) is extensively used to judge the direction
of the chemical reaction under constant pressure conditions, the value of DG is
obtained by integrating heat capacity at specific temperature range. Therefore,
calorimeter technology is critical tools to obtain the thermodynamic data.

In principle, all of the thermodynamics quantities associated with pure sub-
stances can be computed by means of calorimetric technique which measures heat
content evolution and absorption during heating and cooling process of a pure
substance, phase transformation or a chemical reaction. The practicability and
reliability of the specific calorimeter are affected by number of crucial factors, such
as heat conduction, its own heat capacity and the efficiency by which heat is
transferred between sample and calorimeter. And it cannot be sufficiently empha-
sized that the reasonable design and correct use of a calorimeter are also significant
when considering the reliability of the final results.

According to the different temperature interval, the low temperature and high
temperature is the main calorimeter type. Generally, in order to calculate the
thermodynamics functions at 298 K, the low-temperature heat capacity measure-
ment is one of absolutely necessary ways, while for high-temperature heat capacity
is determined the high-temperature stability of compound and solution. In this
review, we mainly focus the solution calorimeter for low temperature, while DSC
and Drop calorimeter for high-temperature.

Low-Temperature Calorimetric Technology

Generally, the heat capacity is contributed by lattice vibrations and the thermal
excitations of electrons, while at low temperature, almost all lattice vibrations cease
to contribute, leaving the thermal excitations of electrons dominant [6]. Especially
below 5 K, low-temperature heat capacity is linearly related to temperature. The
low-temperature heat capacity of the whole temperature interval can be determined
adiabatic calorimetry.

Adiabatic calorimetry is the main quantitative method to obtain the values of
low-temperature heat capacity, also the primary principle and equipment, including
the experimental procedure and data processing will be systematically presented as
follow.

As to the most frequently used low-temperature heat capacity measurement
method, adiabatic calorimetry always be employed at vacuum conditions. The
pivotal apparatus for vacuum adiabatic calorimetry generally consists of three main
parts: vacuum adiabatic calorimeter, data acquisition and control system and per-
sonal computer [7–10]. The low-temperature conditions should be created for the
first step for this kind of method. Generally, for the temperature range from 100 K
to room temperature, the liquid nitrogen was used in order to reach this temperature,
while, for blow 50 K, the only available material is liquid helium at present; high
vacuum atmosphere is obtained by means of a vacuum pump, which is the device
that removes gas molecules from a sealed tube to the outer conditions. Data
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acquisition and control system are the significantly essential part to record and
process the data between the experimental process, such as heat content, temper-
ature, time and so on; besides, personal computer is the terminal device in order to
efficiently reach human-computer interaction.

The heat capacity is measured in the temperature range by a step heating method
that involves a determination of the enthalpy increment and corresponding tem-
perature change of the container with the sample [8]. The molar heat capacity of the
sample is calculated as shown in Eq. (1):

Cp ¼ DH
T1 � T2

� Cp;m

� �
�M

m
ð1Þ

where DH is enthalpy increment in the heating period t, T1 and T2 denote start and
final temperatures of this period, Cp,m is the heat capacity of the empty container,
m and M are the mass and molar mass of the sample in a vacuum conditions, which
are determined by data acquisition and control system and recorded by personal
computer system.

Heat capacity of materials at low temperature has been measured using vacuum
adiabatic calorimeter, indicating that the low-temperature heat capacity amounts are
available and accurate. Paukov et al. [11] has measured the low-temperature heat
capacity of natural zinnwaldite, heat capacity and other thermodynamic functions at
298 K for zinnwaldite have be calculated and good agree will with the theoretical
values, which were estimated using additive method of calculation. Berezovskii
[12] also determined low-temperature heat capacity of polynuclear and trinuclear
spin crossover coordination compounds in the temperature range 80–300 K by
means of vacuum adiabatic calorimeter. Based on the obtained heat capacity data,
the values of enthalpy, entropy and Gibbs energy at 298 K were also calculated
using the relationship of those thermodynamic functions and heat capacity values,
its greatly enriched the thermodynamic database.

According to a lot of experimental results based on vacuum adiabatic
calorimetry, which demonstrates that vacuum adiabatic calorimeter is the most
widely used and accurate method to obtain the low temperature, especially the
temperature range below 30 K, the measurement accuracy and the ability can be
significantly affected by operating process.

High-Temperature Calorimetric Technology

At present, the most frequently used high-temperature calorimeter technology can
be classified into two kinds: Differential Scanning Calorimetry (DSC) method and
Drop method. There is a big difference between those two kinds of means about the
measurement principle and process equipment. As for DSC method, a sustained
heat flow can be input as the addition energy to offset the heat content with the
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heating or cooling process, therefore the heat capacity can be obtained by inte-
grating the heat flow changes. While as regards Drop method, before the
calorimeter test, the powdery sample should be pressed into cylinder in order to
keep the shape consistent with the standard sapphire sample, the studied sample and
standard sapphire sample are placed in the sample holder at room temperature and
then dropping it directly into a calorimeter held at a higher temperature. The
calorimeter measures the heat evolved while the sample heats to the temperature of
the calorimeter. The measurement and evaluation of this two kinds of calorimeter
method were presented.

DSC Method

There are two types of DSC, which were always be used to measure heat capacity
and heat of phase transition, can be divided into heat flux type and power com-
pensation type, the basic principle of two kinds type is a little bit difference, as for
heat flux type the measure process keeps heat flux constant, while, as for power
compensation type it keeps power supply constant, the measure process can be
described as follow in details.

According to American Society for Testing Material (ASTM) [13] standard,
measurements of heat capacity were operated in a dynamic mode with heating rate
of 10 K min−1 in the argon flow (99.998%, 50 ml min−1) and in isothermal period
during 15 and 10 min before and after the dynamic mode, correspondently.
Sapphire (a-Al2O3) was used as the standard reference sample [14]. The heat
capacity of sample was determined by the comparison method. Before the
calorimeter process, the weight of standard sapphire sample and studied sample
should be taken for the first step. Measurement method of heat capacity included
the measurement of DSC thermal flows of the empty crucibles (baseline), the
standard sapphire sample (reference) and the studied sample. The measurements of
heat capacity were made for reproducible data of DSC thermal flows of the empty
sapphire crucibles (baseline) and the standard sample (reference) and the measured
sample. Calculation of the specific heat capacity (Cp) of the studied material was
performed by the formula (2):

Cp ¼ mr

ms
�Ms

Ms
� DSCs � DSCb

DSCr � DSCb
� Cpr ð2Þ

where mr and ms was the weight of sapphire (mg) and sample (mg), respectively.
DSCr was the DSC signal of sapphire (mV), DSCs was the DSC-signal of the
sample (mV), DSCb was the DSC-signal of a baseline (mV), and Cpr was the heat
capacity of a sapphire (J mol−1 K−1). The numerical values of heat capacity then
were implemented using standard functions and settings of special thermal analysis
software package.
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The measured sensitivity of the DSC sensor was estimated by DSC measurement
of standard sapphire sample. Accuracy of “weight” measurements in the temper-
ature range was equal to ±0.01 mg, temperatures of phase transformations and
fusion 10 K and enthalpies of phase transformations and fusion ± 5%
approximately.

In previous studies, DSC is widely used to measure heat capacity of variety of
compounds such as ceramics, organic materials, polymers, and ionic liquids. [15–
21], Venkata et al. [19] measured the heat capacity of La6UO12, Sm6UO12 and
Eu6UO12 with a heat flux type differential scanning calorimetry in the temperature
range 298–800 K, NaTeO4(s) and TiTe3O8(s) [22] in the temperature range 300–
700 K, based on the obtained values, the other thermodynamic data were calcu-
lated, it reveals that the high-temperature heat capacity are in adequate agreement
with the values estimated by using Neumann-Kopp’s law from the literature data.

Just as the phase enthalpy computed by DTA, the measured heat capacity values
are not enough accurate due to the baseline changes at the heating process. The
sample was inputted the bottom of crucible, therefore, the heat content only can be
determined by 2D delivery, the quantities were absolutely under the actual values;
this drawback limits the usage of DSC for taking heat capacity especially at high
temperature to some extent.

Drop Method

Heat capacity can be measured accurately by a number of advanced techniques
based on Drop method. The basic principle of drop calorimetry is the measurement
of the enthalpy increments of the sample that is being dropped from the ambient
temperature to the detector which is kept at higher temperature. When the studied
sample at the ambient temperature reaches the additional heat must be delivered to
the system in order to maintain the programmed setting target temperature. The
calorimeter then measures the heat evolved while the sample cools to the temper-
ature of the calorimeter. The measurement at which the sample is initially heated is
varied and a plot of HT-H298 to temperature is drawn, as shown in Fig. 1, which is
heat content of

TiC obtained by Naylor [23] and Levinson [24]. It indicated that the heat content
values of TiC are fitted well with each other. A popular calorimeter for this is the
diphenyl either calculated by Hultgren et al. [25] in 1958, Davies and Pritchard [26]
in 1972, but its temperature range is limited below about 1050 K. Through pro-
cessing the experiment for several temperatures, enthalpy as a function of tem-
perature is obtained and the heat capacity is calculated from its derivative under
atmospheric conditions as shown the formula (3):
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Cp ¼ dH
dT

� �
P

ð3Þ

where H and T were the enthalpy (J) and temperature (K), respectively. The sub-
script p said the heat capacity values based on the formula (3) were determined
under atmospheric conditions.

Drop sensor, which is the necessary device for Drop method, is installed in
Multi-detector High Temperature Calorimeter. After the drop calorimetry instru-
ments, it is required to have compacted pieces of the material using a hydraulic
press. The mass of samples ranged from 80 mg to 100 mg in order to keep the
weight of a standard Sapphire consistent.

Typical heat flow curve of one measurement sequence is shown in Fig. 2 con-
sisting of four drops of studied samples and four drops of Sapphire reference. Each
peak of the heat flow signal was integrated individually using a data analysis
software due to obtain the Qs and Qr terms from equations, respectively. By the heat
flow curve enthalpy changes as a function of temperature is obtained as shown
formula (4):

DTm
Ta Hm ¼ Qs

Qr
� mr

ms
�Ms

Mr
�

ZTm
Ta

Cp Tð ÞdTr ð4Þ

where Ta and Tm are the ambient and detector temperatures, m and M are the
mass and the molar mass of the standard material or sample, respectively. And
Cp(T) is the temperature dependent function of the sapphire reference molar heat
capacity in literature, Qs and Qr are heat content by integrated individually each
peak of the heat flow signal using Origin Software.

Fig. 1 Heat content of TiC
with experimental data of
Naylor [23] and Levinson
[24]
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At present, it is recognised that the Drop method is becoming increasing
important, as it can provide more precise calorimetric data at high temperature that
attributed to its special 3D heat sensor, especially about 1700–1800 K. AC.
Macleod et al [27] have measured the heat capacity of UO2.25 using an adiabatic
vacuum drop calorimeter and covering a temperature range from 800 to 1600 K,
indicating that the high-temperature heat capacity is in excellent agreement with the
previous study.

However, time-consuming and expensive equipment also limit the development
of this technology to some extent. In addition, the Drop techniques suffer from the
disadvantage that heat capacity value is derived from the heat content curves and
are not directly measured. There are not sensitive enough to accurately measure
small changes in energy associated with, for example, order/disorder transforma-
tions or magnetic transitions.

Conclusion

Heat capacity and other corresponding thermodynamic parameters are critical to
chemical reaction, phase equilibrium, material synthesis and design. In this study,
the two kinds of measurement methods of the heat capacity: low-temperature and
high-temperature heat capacity measurement have been reviewed and compared.
Adiabatic calorimetry is the main quantitative method to obtain the values of
low-temperature heat capacity, while high-temperature heat capacity always be
measured by DSC method and Drop method. The principle and equipment have
been introduced systematically for each method. It is recognised that the Drop
method is becoming increasingly important, as it can provide more precise
calorimetric data at high temperature that was attributed to its special 3D heat
sensor.

Fig. 2 A typical output of
the enthalpy increment
measurement of the sample
using the drop calorimeter
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Application of Offgas Analysis
on Predicting Carbon Content at End
Point During Steelmaking Process

Rong Cheng, Jiongming Zhang, Liangjin Zhang and Haitao Ma

Abstract Using gas analysis to predict the carbon content at the end point is a new
technology within steelmaking. The offgas data of a 100 ton BOF during steel-
making were analysed. The changing rules of the CO, CO2 and O2 volume fractions
in the offgas played an important role in judging the status of decarburization in the
converter during steelmaking. The carbon deposition reaction error, the CO2 dis-
solution in the west dedusting and the added CO2 from air into offgas had little
influence on the predicted carbon content. The carbon integral model had serious
errors regarding the predicted results. A new model based on the correlation
between the volume fraction of CO and the carbon content in converter was built to
predict the carbon content near the end point. The hit rate of the carbon prediction
model was 95.79% for the end point carbon content � 0.088% with a precision of
±0.03%.

Keywords Carbon content � Prediction � CO � Decarburization

Introduction

Steelmaking is an important link during the metallurgical processes. The product
quality is heavily influenced by the end point of carbon content in steelmaking. The
carbon content at the end point during steelmaking is predicted by the static model,
the assistant lance or the offgas analysis.
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The static model was based on the material balance between the flow of oxygen
blowing, the quantity of auxiliary raw materials and the quantity of liquid iron [1, 2].
The material balance calculation was only based on the initial and end states of
steelmaking. The lack of blowing process analysis resulted in the hit ratio of the
carbon content at end point prediction was often less than 60% during steelmaking.

Predicting the end point of carbon content by the assistant lance is typically used
during steelmaking [3–8]. The molten steel temperature and the carbon content that
are determined by the assistant lance before the end point are applied during
steelmaking to adjust the blowing parameters. The hit ratio of predicting the carbon
content at the end point based on the assistant lance is higher than the static model.
The assistant lance is generally suitable for large tonnage converters, the one-time
probes of assistant lance should not be an ignored cost during steelmaking, and the
assistant lance could not monitor the blowing during steelmaking in real time.

Predicting the carbon content during steelmaking via the offgas analysis is a new
technology. The decarburization rate and the carbon content in the bath were cal-
culated by analysing the composition and flow of the offgas during steelmaking [9–
12]. The offgas analysis method is suitable for converters with various tonnages, the
probe of the offgas analysis could be reused, and the carbon content could be
monitored in real time during the blowing process. Some companies developed the
systems of offgas analysis to predict the end point during steelmaking [13–16].

In this paper, the influences that the carbon deposition reaction, the CO2 dis-
solution in west dedusting and the added CO2 from air into the offgas had on
predicting the carbon content at the end point were analysed. The carbon integral
model for the prediction was discussed. A novel method, based on the correlation
between the volume fraction of the CO and the carbon content in the bath, was built
to predict the carbon content at the later stage of decarburization.

Experiment

Figure 1 shows the offgas analysis system. The sampling probes of the laser gas were
between the dust-removal system and the converter. The flowmeter was near the
exhaust fan. About 100 tons of liquid iron with a carbon content of 4.3 mass% and 24
ton scrap steel with a carbon content of 0.05 mass%were added in the converter before
blowing. The initial and the final chemical compositions of the molten steel are shown
in Table 1. Parameters of the gas analysers are shown in Table 2.
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Results and Discussion

Composition and Flow of Offgas

Figure 2 shows the changes in the offgas composition and the flow during the
steelmaking processes. The oxygen blowing time ranged from 75th second to
1200th second. The flow of offgas was nearly stable during the oxygen blowing.
During the earlier stage of the oxygen blowing (75th second–300th second), the
volume fractions of CO2 and CO increased and then decreased during the later stage
of oxygen blowing (1020th second–1200th second). The volume fraction of O2 was
around 0% during the middle stage of oxygen blowing (300th second–1020th
second). The volume fraction of O2 was about 21%, which was the same as the
volume fraction of O2 in pure air.

Fig. 1 Sketch of the offgas analysis system

Table 1 Initial and final chemical compositions of the molten steel

Composition(%) C Si Mn P S Ti V

Initia 4.3 0.4 0.32 0.11 0.002 0.078 0.019

End point 0.028 – 0.075 0.009 0.006 – –

Table 2 Parameters of gas
analysers

Equipment of gas analysis Laser gas analyser

Sampling position 3 m above gas hood

Types of analysed gases CO, CO2, O2

Measuring range (volume fraction) 0–100%

Temperature of the offgas 1000–1300 °C

Interval time of analysis 2 s
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Influence of CO2 Dissolution

The wet dedusting system was between the sampling probe of laser gas analyser
and the offgas flowmeter. A small quantity of CO2 in the offgas could be dissolved
into water when the offgas passed through the wet dedusting system. The solubility
of CO2 in the water is shown in Table 3. The water temperature in the wet
dedusting system was between 60 and 80 °C. The pressure in the wet dedusting
system was lower than the standard atmospheric pressure. The low temperature and
the high pressure could increase the solubility. The most dissolved quantity of CO2

at 60 °C in standard atmospheric pressure was calculated via Eq. (1).

a� Qwater � ðtend � t0Þ � 12� 1000
60� 22:4� 100; 000

� 100% ¼ 0:01592% ð1Þ

a the solubility of CO2 in water at 60 °C in the standard atmospheric pres-
sure, 0.361(ml/g),

Qwater the flow of dusting water (380), ton/h,
t0 the start time of oxygen blowing, seconds and
tend the end time oxygen blowing (13 � 60), seconds
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Fig. 2 Change of the offgas compositions and the flow

Table 3 Solubility of CO2 in water within the standard atmospheric pressure

Temperature (°C) 0 25 50 60 75 100

Solubility (ml/g) 1.79 0.752 0.423 0.361 0.307 0.231
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The flow velocity of the offgas was 10–30 m/s. The time required to pass
through the wet dedusting system was about three seconds. The water was not
saturated with dissolved CO2 within that short time. The dissolved CO2 was less
than 0.01592%, which was negligible for the carbon content at the blowing end
point (about 0.03%).

Influence of Carbon Deposition Reaction

Carbon deposition reaction of the offgas is shown in Eq. (2). The carbon could be
changed from the gas phase carbon (CO) into the solid phase (C) when the carbon
deposition reaction degree was serious. The accuracy of the offgas composition and
the flow determined by analysis was influenced by the carbon deposition reaction.

2CO = CO2 + C ð2Þ

DGh ¼ �166; 550þ 171T ð3Þ

T temperature of the offgas

The carbon deposition reaction was exothermic. Equation (3) shows that the carbon
deposition reaction could not occur when the temperature was higher than 700 °C. Liu
et al. [17] found that the carbon deposition reaction was slow and was negligible when
the temperature was lower than 500 °C. A volume fraction of CO2 greater than 8%
could effectively suppress the carbon deposition reaction. The CO2 volume fraction of
the offgas was often greater than 20%. The effect that the carbon deposition reaction
had on the accuracy of the offgas composition and flow was negligible.

Influence of CO2 from Air

There was a large gap between the converter mouth and the offgas hood. There
could be air inhaled into the offgas. The influence of the CO2 from the air on the
accuracy of the carbon content at the blowing end point was analysed. The volume
fraction of the CO2 in air was about 0.03%. The amount of CO2 from the air is
calculated in Eq. (4). The calculated result showed that the CO2 from air was about
0.001816%, which was negligible for the carbon content at the blowing end point
(0.03%).

R tend
t0

ð1� uCO � uCO2
� uO2

Þ � 0:03� Qoffgas � 12� 1000

79� 22:4� 3600� 100; 000
� 100%

¼ 0:001816% ð4Þ
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uCO volume fraction of CO in offgas, %,
uCO2

volume fraction of CO2 in offgas, %,
uO2

volume fraction of O2 in offgas, %,
ð1� uCO � uCO2

� uO2
Þ volume fraction of N2 in offgas, %, and

Qoffgas flow of the offgas, m3/h

Carbon Integral Model

Equation (5) shows the carbon integral model that was based on the principle of
mass conservation. The carbon contents in the bath and the offgas were conserved.

Wt ¼ W0 �Wgas ¼ W0 �
Z t

t0

vCdt ð5Þ

Wt the carbon content in the bath at time t second, kg,
W0 the carbon content in bath before oxygen blowing, kg,
Wgas the carbon content in offgas from t0–t second, kg,
Vc decarburization rate, kg/s, and
t oxygen blowing time, second

Equation (6) shows the vc:

vC ¼ 12� Qoffgas � ðuco þuCO2
Þ

1000� 3:6� 22:4
ð6Þ
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Figure 3 shows the decarburization rate during steelmaking. In Fig. 3, the de-
carburization rate contained the earlier stage, the middle stage and the later stage.

Figure 4 shows the 95 group decarburized carbon qualities that were calculated
by the offgas analysis and the difference between the carbon content from the initial
and end points. The experimental results that were calculated between the difference
of carbon content from the initial and end points in the bath were different from the
calculated results of the offgas. The large difference could be caused by the errors of
composition, the flow of offgas and the error of carbon content in the steel scrap.

WDoffgas ¼
Ztend

0

vCdt ð7Þ

WDC ¼ WFe � w0 � ðWFe þWsteelscrapÞ � wend

100
ð8Þ

WΔoffgas decarburized carbon quality calculated by the offgas, kg,
WΔC decarburized carbon quality calculated by the difference between the

carbon in the initial and end points, kg,
WFe weight of molten steel, kg,
Wscrap weight of steel scrap, kg,
w0 carbon content of molten steel, %, and
wend carbon content in bath end point, %

The experimental results were different than the calculated results of the offgas,
so the calculated results from the offgas required correction. The correction, based

0 20 40 60 80 100 120 140
3000

3500

4000

4500

5000

5500
 Experiemtal results
 Calculated results by exhaust gas 

D
ec

ar
bu

riz
at

ed
 c

ar
bo

n 
qu

al
ity

 (k
g)

Sample

Fig. 4 Decarburized carbon
qualities

Application of Offgas Analysis on Predicting Carbon … 585



on the least square method, is shown in Fig. 5a and Eq. (9). Figure 5b shows the
deviation of the carbon content between WDoffgas2 and WDC. The deviation was
calculated by Eq. (10). Figure 5b shows that the hit rate of the deviation was about
82% with a precision of ±0.2% carbon content.

WDoffgas2 ¼ 2234:15þ 0:37955WDoffgas ð9Þ

wdeviation ¼ WDC �WDoffgas2

WFe þWsteelscrap
� 100% ð10Þ

WΔoffgas 2 corrected WΔoffga,
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Equation y = a + b*x

Plot B

Weight No Weighting

Intercept 2234.15336 ?190.53431

Slope 0.37955 ?0.04126

Residual Sum of Squares 3.72475E6

Pearson's r 0.64149

R-Square(COD) 0.4115

Adj. R-Square 0.40664
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wdeviation deviation between WDoffgas2 and WDC

Carbon Content Prediction at the Later Stage

The carbon integral model failed to precisely predict the carbon content at the end
point. Figure 6a shows the volume fractions of CO and CO2 at the later stage of
oxygen blowing. Figure 6a shows that the curve of CO volume fraction was smooth
and regular. A new method was proposed to predict the carbon content during the
later stage of decarburization, shown in Fig. 6b. The method was based on the
relationship between the carbon content and the volume fraction of CO during the
later stage of decarburization. As shown in Fig. 6b, the end point was the initial
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node with the coordinate (volume fraction of CO, carbon content), the second node
was before the initial node on the timeline, and the carbon content of the second
node could be obtained by integration with Eq. (11).

w1 ¼ wend þ 100
Ztend

t1

vCdt

0
@

1
A= WFe þWsteelscrap

� �

¼ wend þ 100S1= WFe þWsteelscrap
� � ð11Þ

w2 ¼ wend þ 100
Ztend

t2

vCdt

0
@

1
A= WFe þWsteelscrap

� �

¼ wend þ 100ðS1 þ S2Þ= WFe þWsteelscrap
� � ð12Þ

Table 4 Parameters of the nodes

No. Initial
node (%)

Second
node (%)

Third
node (%)

Fourth
node (%)

Volume fraction of CO 0.06 2 10 3

Carbon content 0.02 0.088 0.1479 0.24835

Precision ±0.02 ±0.03 ±0.06 ±1

Hit rate 98.94 95.79 95.79 89.47
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Equation y = a + b*x

Plot B

Weight No Weighting

Intercept 0.08502 ?0.00842

Slope 0.00553 ?4.60655E-4

Residual Sum of Squares 9.08584E-5

Pearson's r 0.99655

R-Square(COD) 0.99311
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Fig. 7 Relationship between
the carbon content and the
volume fraction of CO during
the later stage of
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w3 ¼ wend þ 100
Ztend

t3

vCdt

0
@

1
A= WFe þWsteelscrap

� �

¼ wend þ 100 S1 þ S2 þ S3ð Þ= WFe þWsteelscrap
� � ð13Þ

wn ¼ wend þ 100
Ztend

tn

vCdt

0
@

1
A= WFe þWsteelscrap

� �

¼ wend þ 100 S1 þ S2 þ � � � Snð Þ= WFe þWsteelscrap
� � ð14Þ

t1, t2, t3…tn the time of second node, third node, fourth node… n-th node, s,
w1, w2, w3…wn the carbon content of second node, third node, fourth node……

n-th node, s,
tend the time of the initial node (the end point of oxygen blowing), s,
wend carbon content at the initial node, %, and
S1, S2, S3… Sn decarburized carbon content between tend and t1, between t1 and

t2, between t2 and t3… between tn−1 and tn, kg

Table 4 shows the parameters of the four nodes. The carbon contents of the
nodes were the average value of 95 group samples. The hit rate was for the average
carbon content with the precision shown in Table 4. Figure 7 shows the relation-
ship between the carbon content and the volume fraction of CO at the later stage of
decarburization. Their relationship was a positive correction.

Conclusions

The feasibility of predicting the carbon content at the end point through analysing
the offgas was discussed. The main conclusions are as follows:

The carbon deposition, the CO2 dissolution in west dedusting and the added CO2

from air into the offgas had little influence on the predicted carbon content at the
end point. The carbon integral model failed to precisely predict the carbon content
at end point. The method based on the positive correction relationship between the
carbon content and the volume fraction of CO during the later stage the relationship
could precisely predict the carbon content at the later stage.
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Calcination of Strontium Carbonate
in Rotary Kiln Furnace

Raşit Sezer, Emre Yilmaz, Selim Ertürk and Cüneyt Arslan

Abstract The calcination of the strontium carbonate in the rotary kiln is usually
carried out at temperatures as high as 1300 °C in practical applications. During the
calcination process, partial melting of powders occurs at about 1150 °C, due to the
partial pressure of CO2. Because of adhesion of the melts to the furnace walls, a
ring formation can be seen in the progressive stages. Nevertheless, carbon additions
to the SrCO3 before calcination can prevent the agglomerations by reducing the
partial pressure of CO2. In this study, calcination of SrCO3 is determined by adding
metallurgical coke (0–30%) in a laboratory-scale rotary kiln furnace. Experiments
were run at the temperatures between 1100 and 1300 °C. The calcined powders
were analysed by XRD. The maximum calcination efficiency was obtained with
15% coke addition at 1200 °C.

Keywords SrCO3 � Calcination � Rotary kiln furnace

Introduction

The main strontium source is strontium carbonate in the production of colour TV
tubes, UV barrier glasses, hexaferrite magnets, strontium aluminate cement and
phosphorescence materials. Strontium carbonate (SrCO3) is produced by
pyrometallurgical processes in many applications [1].

SrCO3 is decomposed to strontium oxide (SrO) and carbon dioxide (CO2) either
before or during the application of these production processes. SrCO3 is calcined at
temperatures above 1000 °C in atmospheric conditions and is decomposed into SrO
and CO2 (Reaction 1) [2].
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SrCO3 sð Þ ¼ SrO sð Þ þCO2 gð Þ ð1Þ

Calcination of SrCO3 begins with the separation of CO2 from the surface layer
and formation of the SrO shell, in accordance with the shrinking core model [3]. At
this stage, the reaction rate is controlled by the chemical reaction and the transfer of
CO2 in the environment by diffusion. As the reaction proceeds to the interior, the
diffusion of the reaction product CO2 into the crusted porous SrO layer. This is the
slowest step that determines the reaction rate.

In industrial applications, the calcination of SrCO3 is usually carried out in rotary
kilns. As the calcination progresses, SrCO3 is transformed from a phase (in
rhombohedral structure) to b phase (in hexagonal structure) at above 950 °C [4].

Ptacek et al [5]. have investigated the mechanism and kinetics of calcination of
a-SrCO3 and b-SrCO3 powders by TG-DTA. The a-SrCO3 transforms first to the b
phase during calcination, which results in a lower activation energy for calcination
with the instant nuclei resulting from this phase transformation. As a result of the
calculations made, the activation energy for calcination of a-SrCO3 was found to be
227 kJ/mol, while b-SrCO3 was found to be 255 kJ/mol [5].

Although the calcination of SrCO3 in the rotary kiln is theoretically carried out at
1150 °C, it is practically up to 1300 °C. During calcination at temperatures
between 1100 and 1150 °C, some parts of SrCO3 melts, due to the partial pressure
of CO2. Adhesions and ring formation are observed in the kiln walls due to these
melts. When the CO2 partial pressure exceeds the critical value (0.4 atm), material
starts to melt, while the calcination yield is more than 85%. Systems such as
vacuum or hydrogen gas are used to reduce the CO2 pressure in the environment.
Instead of such expensive systems, a method is developed by Coatney and his team
(1975) to overcome this problem, that is, adding carbon to SrCO3. They found that
the SrCO3 powder size (d85) should be less than 44 microns and that the amount of
carbon to be used should be greater than 8% in order to prevent the formation of a
liquid phase and sticking to the furnace walls. Very fine SrCO3 powders were
pelleted shortly after entering the furnace and then the combustion of
carbon-prevented dust and pellets from sticking to the furnace [6].

In this study, effect of metallurgical coke addition on the calcination of SrCO3

was investigated. The weight ratio of metallurgical coke to SrCO3 is between 0 and
30%. Calcination processes were done in laboratory-scale rotary kiln furnace at
temperatures between 1100 and 1300 °C. Calcination efficiency is determined as a
function of kiln temperature and the coke ratio.

Experimental Study

The starting material, SrCO3, is produced from celestite ore (Barit Maden Türk A.Ş.)
by black ash method in previous studies [7, 8]. Calcination experiments were carried
out using a laboratory-scale rotary kiln. The alumina–mullite reactor tube of the kiln
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is 1200 mm long and has an inner diameter of 90 mm. The furnace can run at a slope
of 0°–8°, and the reactor tube can rotate continuously at 0–30 rpm. The 400-mm-long
middle section of the tube is the heating zone surrounded by the
molybdenum-disilicide (MoSi2) resistances. The heating regime of the furnace is
shown in Fig. 1.

The calcination experiments in the rotary kiln were carried out at 1100, 1200 and
1300 °C with constant rotational speeds (2 rpm) and slope (3°). To increase the
calcination yield, finely ground (<250 lm) metallurgical coke was added to SrCO3

with a weight ratio of 15% or 30%. Analysis of the powders obtained as a result of
the calcination experiments in the rotary kiln was carried out by XRD.

Results and Discussion

In the DSC–TG curves, shown in Fig. 2, the phase transition is observed with a
sharp endothermic peak at 950 °C. Calcination starting at approximately 900 °C
(Reaction 1) accelerates after phase transformation to reach maximum speed at
1067 °C. The weight reduction (TG curve), which is consistent with the broad
endothermic peak in the DSC curve indicates that the CO2 released as a result of the
calcination is removed from the structure.

In the calcination experiments with the laboratory rotary kiln, neither ring for-
mation nor any adhesion was observed due to the fact that the CO2 pressure in the
furnace environment did not reach the critical value. However, because of the short

Fig. 1 Heating regime rotary kiln furnace
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length of the kiln, dwelling time of the powders (calcination period) is not suffi-
cient. In experimental studies, dwelling time was determined as 14 min, with 3°
oven slope and 2 rpm rotational speed. Uncalcined SrCO3 was detected in the
powders obtained at different temperatures (1100–1300°C) (Fig. 3).

Fig. 2 DSC–TG curves of SrCO3

Fig. 3 XRD analysis of powders calcined at 1100 °C
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CO2 gð Þ þC sð Þ ¼ 2CO gð Þ ð2Þ

CO2 gð Þ þC sð Þ ¼ 2CO gð Þ ð3Þ

C sð Þ þ 1=2O2 gð Þ ¼ CO gð Þ ð4Þ

To increase the calcination efficiency, SrCO3 powders were mixed with finely
ground (<250 lm) metallurgical coke (15–30%) before feeding to the furnace. The
calcination product, CO2, is reduced with the metallurgical coke (Reaction 2) to
decrease the partial pressure of CO2 in the kiln. Thanks to this, the calcination
reaction (1) contributes to the progress of the products. Moreover, thanks to the
combustion of metallurgical coke with O2 in the kiln (comes from the atmosphere)
(Reaction 3 and 4), spaces are formed in the dust heaps. In these spaces, reaction
gases can easily move away from the dust pile.

XRD analyses of the powders obtained from the calcination experiments in the
rotary kiln are given in Figs. 3, 4 and 5. In the rotary kiln at 1100 °C, SrCO3 cannot
be fully calcined. However, the addition of metallurgical coke at both 15% and 30
increases the calcination efficiency of SrCO3 (Fig. 3). Without the addition of coke,
the heat energy in the rotary kiln at 1100 °C is not sufficient for the calcination of
SrCO3. The energy released by the burning of the carbon in the coke added at this
temperature ensures the calcination of the carbonate.

By increasing the temperature of the rotary kiln to 1200 and 1300 °C, carbonate
powders can be calcined, whether by adding coke or not. The SrCO3 peaks are
found to be the least intensive (the highest calcination efficiency) with mixtures to
which 15% metallurgical coke is added (Figs. 4 and 5).

Fig. 4 XRD analysis of powders calcined at 1200 °C
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If metallurgical coke is added in high proportion (30%), the CO2 gas, which is
released as a result of the combustion of carbon, causes the recarbonation of SrO in
the cooling zone of the furnace. At temperatures below the calcination temperature,
the SrO can be converted back to SrCO3 due to the calcination reaction
(Reaction 1) in the presence of the CO2 gas in the opposite direction (left). For this
reason, as a result of experiments with 30% coke depletion (especially at 1300 °C),
the intensity of SrCO3 peaks increases.

Conclusion

Calcination of strontium carbonate occurs relatively slowly at temperatures up to
1067 °C, although it begins at temperatures above 900 °C. Calcination of the rotary
kiln did not yield full-scale calcination of SrCO3 at 1100 °C. However, 15 and 30%
metallurgical coke added to SrCO3 prior to calcination ensures that the calcination
efficiency to increase and a complete calcination.

Acknowledgements The authors greatly acknowledge the financial support provided by
Scientific and Research Council of Turkey (TUBITAK) under the contract no 115M631.

Fig. 5 XRD analysis of powders calcined at 1300 °C
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Determination of Effect of Li2O
on the Structure of CaO-Al2O3-Based
Slag by Molecular Dynamics Simulation
and Raman Spectrum

Sai Wang, Bo Ran Jia, Sheng Ping He and Qian Wang

Abstract In this study, the structural properties of the CaO-Al2O3-Li2O-based slag
with varying Li2O content have been investigated via molecular dynamics simu-
lation and Raman. The results showed the average bond lengths of Al-O remained
at 1.75 Å. The addition of Li2O contributed to the decrease in the bridging oxygen
proportion and the network connectivity (Qn) degree, Meanwhile, the five-fold
coordinated Al was decreased when mass fraction of Li2O was increased. The
results of the Raman spectrum analysis show that the proportion of the complex
structural unit Q4 decreases with the increase of the Li2O content, the decrease of
the degree of polymerization of the slag network (DOP) indicates that the melt
structure becomes simple and consistent with the results obtained by the molecular
dynamics simulation.

Keywords Molecular dynamics � Microstructure � Raman spectroscopy � DOP

Introduction

The properties of slag are determined by its chemical composition and mi-
crostructure. Numerous empirical models have been suggested to predict the
physical and chemical properties of actual slag, such as the viscosity, crystallinity
and so on. Wu et al. [1] have studied the effects of Na2O, K2O, BaO and CaO on
RxO-Al2O3 (R = Na, K, Ba, Ca) binary slag system by molecular dynamics sim-
ulation. The results demonstrate that basic oxides not only have the function of
depolymerization network structure but also can stabilize the [AlO4]

5− tetrahedral
structure. Mirhadi and Mehdikhani [2] studied the crystallization behaviour of
Li2O-CaO-SiO2-Al2O3 by DTA and XRD experiments and observed the rod-like
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growth morphology of LiAlO2 glass by electron microscope. Since the addition of
Li2O can optimize the performance of mold flux, domestic researchers [3, 4] mainly
discussed the impact of different components such as Al2O3/SiO2, Na2O, B2O3 and
Li2O on the performance of low-reactive mold flux based on the idea of substituting
SiO2 with Al2O3. On the basis of previous studies, Li2O plays an important role in
regulating slag viscosity and physical and chemical properties, but the mechanism
of Li2O on the microstructure of slag is not clear. In this paper, molecular dynamics
simulation and Raman spectroscopy were used to study the structural transforma-
tion of slag and the mechanism of Li2O action with different Li2O contents.

Materials and Methods

Simulating Method

All MD simulations were performed using the pairwise potential model. The
interatomic Born-Mayer-Huggins (BMH) potential form was applied and is given
as follows:

UijðrÞ ¼ qiqj
rij

þAij expð�BijrÞ � C
rij

ð1Þ

where Uij(r) is the interatomic potential, qi and qj are the charges of ions i and j,
respectively, rij is the distance between i and j ions, and Aij, Bij, and Cij are
parameters for the BMH potentials. The interatomic potential parameters of all the
systems were taken from Hirao and Kawamura [5]. The first term represents
Coulomb interactions, the second term represents the inter-core short-range repul-
sion, and the last term represents the van der Waals attractions. We calculated the
Coulomb potential using the Ewald sum method. The charge of Ca, Al, Li and O is
2, 3, 1 and -2, respectively. The detailed mass fraction, atomic number, density [6]
and simulated cell length of the CAL system are shown in Table 1.

Table 1 Composition and atomic number of CaO-Al2O3-Li2O samples

Sample
number

Mass fraction Atomic number Density
(g/cm3)

Length
(Å)CaO Al2O3 Li2O Ca Al Li O Total

CAL1 45 45 10 668 734 554 2046 4002 2.679 37.31

CAL2 44 44 12 638 700 650 2013 4001 2.654 37.05

CAL3 43 43 14 609 670 738 1983 4000 2.630 36.86

CAL4 42 42 16 582 638 828 1953 4001 2.670 36.72

CAL5 41 41 18 555 610 910 1925 4000 2.585 36.54
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In this study, we investigated the microstructure of CAL melts with a total
number of atoms around 4000 for each sample. The time interval step was 1 fs, and
a cubic unit cell with periodic boundary conditions was chosen. The initial tem-
perature was set at 5000 K in 30,000 steps to agitate the atoms and eliminate the
effects of the initial atomic distribution. Next, the temperature was decreased down
to 1723 K in 50,000 steps. Last, the simulated melt was equilibrated at 1673 K in
20,000 steps. All simulations were performed in a NVT ensemble, at which the
number of ions, the volume and the temperature remained constant.

Roman

Reagent-grade CaO, Al2O3 and highly purified Li2O were used as raw materials,
placing 50 g of pre-melted slag in a Mo crucible until melted in a resistance furnace
at 1723 K temperatures in Ar atmosphere. The temperature was kept constant at
1723 K for 1 h to homogenize the liquid slag, followed by quenching the slag with
water to form solidified glassy samples. After quenching, the microstructure of the
samples was investigated using Roman spectrometry. The measurement was con-
ducted at infrared bands of corresponding to 2000–100 cm−1.

Results and Discussion

Partial RDFs and CNs

The abscissa of the RDF curve’s first peak represents the average bond length
between first-neighbour atom pairs. The coordination numbers (CNs) of an atom
i surrounding an atom j are determined by the numerical integration of the RDFs in
the cut-off radius that is obtained from the first minima of the corresponding gij(r).
The cut-off radius is uniquely determined at each state. The ordinate value corre-
sponding to the CN platform is the average CN. Figure 1 shows the corresponding
RDFs and CNs of different atomic pairs for the CAL4 system.

Some studies [7, 8] show that the higher the initial peak of RDFs, the better the
stability. The first peak corresponds to the average distance between atoms.
According to Fig. 1a, the radial distribution function of Al-O RDFs is sharp and
narrow, indicating that its stability is very good. The average distance between
Al-O is maintained at 1.75, while the first peak of Li-O RDF is not as sharp as that
of Al-O RDFs, indicating that Li-O bonds are not stable and easy to break, Al-O
tetrahedral structure plays a supporting role in the network.

Table 2 shows the average bond lengths of different atomic pairs under different
Li2O. With the increase of Li2O, the bond lengths of Al-O and Li-O almost do not
change, which indicates that the bond lengths of Al-O and Li-O are not affected by
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Li2O. As for the average bond length for O-O, it is somewhat longer than 2.6 Å,
which is consistent with other published studies [9]. With the increase of Li2O
content, the average length of O-O bond increases, indicating that the bond
becomes weaker and Li2O has a depolymerization effect on Al-O network structure.

As can be seen from Fig. 1b, the Al-O CNs has a wider platform with a slight
slope. The average Al CNs is thought to reflect the presence of Al3+ in several
different aluminate complexes whose CNs range between 4 and 5. Li-O coordi-
nation number curve does not have a platform, indicating that the structure of Li-O
is unstable. At the same time, the coordination number curve of Li-O does not have
an obvious platform, mainly acting as network modifiers.

Table 3 shows the average coordination between different atoms, With the
increase of Li2O content, the average CN of Al-O decreases from 4.26 to 4.14,
indicating that the increase of Li2O content enhances the stability of [AlO4]

5−

tetrahedron structure; the average CN of Ca-O fluctuates between 5.96 and 6.07; the
average CN of Al–Al decreases from 3.29 to 2.84, indicating that the connection
ratio between [AlO4]

5− tetrahedron decreases and the structure becomes simplified.
In order to further analyze the effect of Li2O on the coordination number of Al-O, as
shown in Fig. 2.

Figure 2 reveals that for all systems, the presence of primary four-fold coordi-
nated Al3+, indicating that [AlO4]

5− in the slag structure acts as the network
skeleton. With the increase of Li2O content, the proportion of four-fold coordinated

Fig. 1 a Partial radial distribution function (RDFs) and b average coordination number (CNs) of
different atom pairs

Table 2 Average bond
lengths of different atomic
pairs of CAL system

Pair Ca-O Al–Al Al-O Li-O O-O

Rij/Å(CAL1) 2.31 3.25 1.75 1.84 2.78

Rij/Å(CAL2) 2.30 3.26 1.75 1.85 2.78

Rij/Å(CAL3) 2.28 3.25 1.75 1.84 2.79

Rij/Å(CAL4) 2.27 3.25 1.75 1.84 2.77

Rij/Å(CAL5) 2.25 3.26 1.75 1.84 2.79

602 S. Wang et al.



Al increases gradually, and the five-fold coordinated Al was decreased, indicating
that Li2O can promote the stabilization of [AlO4]

5− tetrahedral network structure.

Distribution of Oxygen Types and Qn Species

The calculated fractions of the oxygen types in the different systems show the same
variation trend in that the Of and Onb concentrations increase and the proportion of
Ob decreases with increasing Li2O content. With the increase of Li2O, Fig. 3a
shows Of with a continuous increasing trend, and Onb gradually increases from 41.8
to 51.3%. Oxygen Tricluster(OT) content is very small and basically unchanged, so
that the increase of Li2O simplifies the network structure of the system.

Another key aspect of this short-range network structure is the distribution of
Qn species, meaning Al with various numbers n of Ob. The distribution of these Qn

species is related to the connectivity of the melt network. According to Fig. 3b, Q3

and Q4 of Al depolymerize into Q0, Q1 and Q2 with increasing Li2O contents. The
proportion of Q3 and Q4 decreases with the increase of Li2O content. The existence
of Q5 of Al is due to the OT in the aluminate melts. The results show that the

Table 3 Coordination
numbers of different atomic
pairs of CAL system

Pair Ca-O Al–Al Al-O Li-O

CAL1 6.01 3.29 4.26 3.63

CAL2 5.96 3.14 4.22 3.63

CAL3 6.07 3.02 4.18 3.63

CAL4 6.05 2.95 4.17 3.62

CAL5 6.02 2.84 4.14 3.62

Fig. 2 Al-O coordination
numbers under different Li2O
contents
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addition of network modifier Li2O can increase the content of Q0, Q1 and Q2 more
easily and simplify the structure of [AlO4]

5− tetrahedron (Fig. 4).

Raman Spectroscopy

According to the results of previous studies [10, 11], the characteristic bands of
different structural units in the Raman band of aluminate system can be determined.
It can be seen from Fig. 4 that with the increase of Li2O content, the centre of the
high-wave section 600–950 cm−1 is shifted towards the direction of the low-wave
number, indicating that the slag structure gradually overturns from complex
structure to simple structure. In CAL1 system, there is an obvious peak around
880 cm−1, which corresponds to the completely polymerized structure unit (Q4) in
the aluminum oxygen network structure. With the increase of Li2O, Raman strength

Fig. 3 a Concentrations of different oxygen types; b Concentrations of different Qn species for Al
of the CaO-Al2O3-Li2O system

Fig. 4 Raman spectra of melt
with different Li2O contents

604 S. Wang et al.



of Q4 structural unit with high degree of polymerization in the aluminum oxygen
network structure gradually weakens and disappears, indicating that the slag
structure gradually becomes simplified. At 550 cm−1, the Raman strength of
Al-O-Al gradually decreases with the increase of Li2O, indicating that the pro-
portion of bridge oxygen in the system keeps decreasing.

In order to further analyze the aluminate network structure at 600–950 cm−1 of
the high-wave number section, the spectral peak in the range 600–950 cm−1 of the
high-wave number section was subjected to Gaussian fitting to obtain a more
intuitive semi-quantitative relationship. The results obtained by fitting are shown in
Fig. 5 and Table 4.

Comparing the results of Raman spectroscopy experiment and MD simulation,
we find that the trend of Qn is basically the same. In order to further analyze the
variation of slag polymerization degree, the complexity of slag was characterized
by the degree of slag polymerization proposed by Zhang [12]:

(b) CAL3(a) CAL1

(c) CAL5 

Fig. 5 Raman spectrum peak fitting: a CAL1, b CAL3 and c CAL5
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DOP ¼ x(Q3Þþ x(Q4Þ
x(Q0Þþ x(Q1Þ ð2Þ

where DOP represents the ratio of the complex structural units (Q3 and Q4) to the
simple structural units (Q0 and Q1) in the slag structure. As shown in Fig. 6, with
the increase of Li2O, the proportion of Q4 in the system gradually decreased. The
proportion of Q3 to Q2 increased first and then decreased. The proportion of Q0 to
Q1 increased continuously, indicating that the melt structure was simplified with the
addition of Li2O. In addition, a sharp decrease in the DOP value can be seen from
the diagram, which also shows that the structure of the slag becomes simple.

Table 4 The centre of gravity and area fraction corresponding to different structural units
obtained by Raman spectra fitting under different Li2O

Structure
units

CAL1 CAL3 CAL5

Centre
(cm−1)

Area
(%)

Centre
(cm−1)

Area
(%)

Centre
(cm−1)

Area
(%)

Q0 690.1 8.76 697.9 9.99 701.9 11.14

Q1 721.4 16.23 738.4 16.77 736.3 21.26

Q2 765.6 19.73 778.1 24.08 776.9 23.92

Q3 806.9 25.78 824.1 29.40 822.9 27.63

Q4 886.3 29.50 880.3 19.75 870.7 16.05

Fig. 6 The area fraction of Qn and the change of DOP under different Li2O content
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Conclusion

In this study, we investigated the microstructure of CaO-Al2O3-Li2O (CAL) molten
slag at different Li2O contents using MD simulation and Raman measurements. The
conclusions are the following:

It can be obtained that the average bond lengths of, Ca-O, Al–Al, Al-O, Li-O,
and O-O are 2.31, 3.25, 1.75, 1.84 and 2.78Å,the average CNs for Ca-O, Al–Al,
Al-O and Li-O pairs are 6.01, 3.29, 4.26, and 3.63.

With the increase of Li2O, Li
+ polarizes the bridging oxygen, while the number

of network forms decreases and the number of non-bridging oxygen increases. Li2O
as a network modifier enhances the stability of [AlO4]

5− tetrahedron structure.
According to the statistical analysis of [AlO4]

5− tetrahedron, it is found that the
proportion of Q0, Q1 and Q2 shows an increasing trend, while the proportion of Q3

and Q4 shows a decreasing trend, indicating that the structure of Al-O is
depolymerized.

The influence of Li2O on CaO-Al2O3-Li2O slag structure was studied by Raman
spectrum, the change of area ratio of different Qn structural units and the decrease of
DOP value indicate that the degree of polymerization of slag network decreases
with the increase of Li2O, and the complex network structural units tend to
simplify.
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Dissolution Reaction of Earthy Graphite
in Liquid Steel

Hongyan Yan, Xiaojun Hu, Chao Luo, Jinglong Liang
and KuoChih Chou

Abstract Earthy graphite is an abundant natural resource with a high content of
fixed carbon. It can be considered as a carbon source for steel carburizers. Also, it
can reduce the production cost of enterprises. The study is aimed to clarify the
kinetics of dissolution reaction and the carbon increase effect. The experiments
were carried out by quartz tube sampling at 1873 K, with 0.1 and 0.4% theoretical
carbon increase. Effect of added amount on S, N and O content in steel was studied.
The results indicated that carbon increase effect was equivalent to some company
carbon additives. The added amount of earthy graphite has little influence on S, N
and O content. Considering the carbon oxidation reaction consumption during
carbon dissolution process, a dynamic model was obtained and the reaction rate
constant of the carbon dissolution reaction was calculated.

Keywords Earthy graphite � Dissolution � Kinetics � Liquid steel

Background

At present, most enterprises mainly use the carbonization method to control the
carbon content in liquid steel. The carbon additives used in the carbon-increasing
method require high carbon content, low sulphur and phosphorus, and low ash.
Usually, the carbon additives are electrode blocks, coke powder and calcined
anthracite. The electrode block recarburizer has high carbon content and strong
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oxidation resistance, the production process is complicated and the cost is high, the
price of coke powder is low, the ash content and sulphur content are high, the
carbon content is low, and the use effect is not good [1]. At present, the most
commonly used anthracite recarburizer needs to be purified by beneficiation and
then graphitized. Although it basically meets the needs of steelmaking production,
the cost is still high [2]. China has abundant natural graphite resources. Among
them, earthy graphite (cryptocrystalline graphite) has abundant reserves and high
grade, and the fixed carbon can reach more than 80%. The sulphur content and
phosphorus content are low, and the relative density is relatively large. It has been
mentioned that the composition and physical and chemical properties of earthy
graphite can basically meet the requirements of steelmaking recarburizers [3, 4].
There are few reports on the dissolution kinetics of earthy graphite in liquid steel. In
this paper, earthy graphite was used to increase the carbonization in liquid steel.
The dissolution kinetics of earthy graphite was studied.

Experiments

The carbon-increasing experiment proceeded by increasing the carbon in the steel
mill in the laboratory simulation steel, melt the steel sample in the
silicon-molybdenum rod furnace, and then added the prepared recarburizer to carry
out the carbon-increasing experiment. During the experiment, the molten steel
carbonation experiments of different types of recarburizers were carried out with
different theoretical carbon additions.

(1) The samples were placed in a silicon molybdenum rod furnace and heated to
1600 °C. High-purity Ar with a flow rate of 1 L/min was introduced as a
shielding gas during the heating process (Table 1).

(2) After reaching the reaction temperature, the first sample is taken with a quartz
tube, and the extracted steel sample is cooled and weighed. The mass of the
remaining steel sample plus the mass of the iron piece was calculated by the
theoretical carbon addition amount of 0.1 and 0.4%, respectively. The
carbon-reinforcing agent was wrapped in a steel tube and inserted into the
molten steel. The mixture was continuously stirred and timed, and sampled and
weighed at 0, 5, 10, 20 and 40 min, respectively. The specific conditions are
shown in Table 2.

Table 1 Chemical composition of steels (mass fraction)

C Mn Al Ti S O N P

0.58–
0.63

0.15–
0.17

0.039–
0.045

0.031– 0.068 0.0098–
0.0109

0.0037–
0.0060

0.0089–
0.0149

0.009–
0.013
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(3) The water-cooled experimental samples were subjected to surface treatment,
and the C, S content and N and O contents of the samples were, respectively,
tested. The instruments tested were EMIA-820V infrared carbon-sulphur metre
and TCH-600 O-N-H analyser imported from Japan.

Results

Effect on Carbon Concentration

Figure 1 showed the change of mass fraction w[C] in steel samples over time. The
dissolution reaction took two stages. In the first 10 min, w[C] increased signifi-
cantly. The maximum value was reached in about 10 min and then decreased. The
theoretical variation of carbon concentration with 0.1 and 0.4% is basically same.

According to the change of carbon concentration, combined with Eq. (1), the
yield g of recarburizer can be obtained.

g ¼ w½C�%;d � w½C�%;0

w½C�%;t � w½C�%;0
� 100% ð1Þ

Table 2 The experimental and conditions

Carbon additives msteel/g mfoil/g madditives/g Theoretical carbon increasement/%

Earthy graphite 350.87 3.35 0.37 0.10

337.05 5.39 1.38 0.40

Company 1 351.57 2.68 0.36 0.10

560.02 6.28 2.29 0.40

Company 2 380.37 3.64 0.39 0.10

612.91 5.89 2.55 0.40
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Fig. 1 Variation of carbon mass fraction in steels with time for different carburants amounts
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g represented the yield of recarburizer, w½C�%;d represented the detected carbon
content. w½C�%;0 represented carbon content of raw steel, w½C�%;t was calculated
target with carbon increasement. w½C�%;t could be calculated by Eq. (2).

w½C�%;t¼
w½C�%;d � mC

msteel þmfoil þmC

� �
ð2Þ

w½C�%;d could be obtained by thermogravimetric combustion. msteel, mfoil , mC

represented the quality of steel, iron and recarburizer. The yield of the carbonation
reaction can be obtained by Eqs. (1) and (2).

Figure 2 showed the variation of carbonation yield with time. In the first 10 min,
yield increased significantly. The maximum value was reached in about 10 min and
then decreased. When the theoretical carbon addition is 0.1 and 0.4%, the curve of
the earthy graphite was basically at the same level as that of other enterprises. This
indicated that the carbonation effect of earthy graphite was comparable to that of
other enterprise recarburizers. The fixed carbon content of earthy graphite was
lower than that of other enterprises, and its yield was comparable to enterprise
carbonizers. It indicated that the carbon addition effect of earthy graphite was better
than that of other enterprises.

Effect on Sulphur

Figure 3 showed the effect of carbonation on S mass fraction in liquid steel. The S
mass fraction hardly changes, and the S mass fraction used earthy graphite was
lower than that in other enterprises.
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Fig. 2 Variation of carbon yield with time for different carburants
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Effect on Nitrogen

Figure 4 showed the effect of carbonation on N mass fraction in liquid steel. When
the theoretical carbon addition is 0.1 and 0.4%, the N mass fraction increased with
time. The N mass fraction both varied from 0.01 to 0.02%. It indicated that the
earthy graphite carbonation experiment had little effect on the N mass fraction. It
was equivalent to the effect of other enterprises’ recarburizers.

Effect on Oxygen

Figure 5 showed the effect of the carbonation on the total oxygen mass fraction in
the liquid steel. The oxygen mass fraction varied from 0.005 to 0.010%. It indicated
that carbonation used earthy graphite had little effect on the total oxygen content.
There were several points with high oxygen content in the figure, because the
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Fig. 3 Effect on S mass fraction in the liquid steel
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Dissolution Reaction of Earthy Graphite … 613



samples drawn with quartz tube were oxidized by air during cooling. Compared
with other manufacturers’ recarburizers, the oxygen mass fraction was relatively
lower. This indicated that the addition of earthy graphite had no obvious influence
on the total oxygen content in liquid steel. It demonstrated that the earthy graphite
could be used for carbonation in steelmaking.

Discussion

Some researchers [6–9] believed that the dissolution of carbon in steelmaking was
mass transfer rate controlled. It can be expressed as first-order reaction kinetics
equation.

dCt

dt
¼ kðCs � CtÞ; k ¼ Akm

Vm
ð3Þ

Ct was the carbon concentration in the liquid steel; Cs was the saturated solubility
for carbon. k, km, A and Vm represented dissolution reaction rate constant, mass
transfer coefficient, the surface area of molten steel and the volume of molten steel,
respectively. The theoretical carbon increase in this experiment is at most 0.4%; the
saturated solubility was not obtained. Then, Cs can be expressed by ideal carbon
dissolved concentration Ci.

After integral (3) and took initial conditions as t = 0, Ct= C0, Eq. (4) was
obtained.

Ct ¼ Ci þðC0 � CiÞe�kt ð4Þ

If the carbon dissolution process satisfied first-order reaction kinetics equation,
the concentration of carbon with time should be increased until the desired carbon
concentration was reached. It was found that the concentration and yield of the
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carbon 10 min before the dissolution of carbon increased continuously, and the
reaction showed a slow decline after 10 min. It indicated that after 10 min, the
carbon in liquid steel was depleted, resulting in a decrease in carbon concentration
and yield. The above phenomenon was due to the oxidation loss of carbon caused
by the reaction of carbon and oxygen in liquid steel. It can be expressed as Eq. (5).

½C� þ 1
2
O2ðgÞ ! COðgÞ ð5Þ

Research [10–13] showed that the carbon-oxygen reaction according to Eq. (5)
was controlled by mass transfer. In the low-carbon region (w[C] less than 1%), the
kinetics of carbon and oxygen reaction can be expressed as follows [10, 11, 13, 14],

j0C ¼ k0Ct ð6Þ

k0 represented the reaction rate constant of carbon-oxygen reaction in liquid
steel. When the theoretical carbon addition is 0.1 and 0.4%, the mass fraction of
carbon in the liquid steel is in the range of 0.59 to 1%. It belongs to the low-carbon
region. Therefore, the kinetics of carbon loss reaction in the carbonization process
can be expressed as Eq. (6). The mass transfer process of carbon in molten steel is
expressed as follows,

j00C ¼ kðCi � CtÞ ð7Þ

jC ¼ kðCi � CtÞ � k0Ct ð8Þ

After integral (8) and took initial conditions as t = 0, Ct= C0, Eq. (9) was
obtained.

Ct ¼ k
kþ k0

Ci þðC0 � k
kþ k0

CiÞe�ðkþ k0Þt ð9Þ

Thus, a kinetic equation to describe the process of carbon addition in the liquid steel
was obtained.

Figure 6 showed the results of data fitting by using Eqs. (4) and (9), respec-
tively. It found that the fitting result with Eq. (9) was significantly better than
Eq. (4). If there was no carbon oxidation reaction, the carbon dissolution curve in
Fig. 6 should be along the direction of the dotted line. The actual dissolution curve
followed the trajectory of the solid line in Fig. 6. Above phenomenon indicated that
the first 10 min of dissolution, j00C > j0C. The carbon dissolution rate increased with
time; the carbon concentration in the liquid steel increased continuously. Around
10 min, j00C = j0C ,carbon concentration reached the maximum. After 10 min, j00C < j0C,
carbon concentration dropped slightly. In summary, Eq. (9) can be used to describe
the carbonation of recarburizer in liquid steel.
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Table 3 showed the values of reaction rate constants k. k′ under different
experimental conditions. a and b represented k

kþ k0 and kþ k0, respectively. a, b can
be obtained by fitting Eq. (9) to the carbon concentration curve. Then, the values of
k and k′ can be calculated by the values of a and b.
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Table 3 Calculated results of reaction rate constants of k and k′

Carbon additives Theoretical carbon
increasement/%

a b � 102 k � 103/s−1 k’ � 103/s−1

Earthy graphite 0.10 0.96 0. 34 3.26 0.14

0.40 0.92 0. 58 5.32 0.48

Company 2 0.10 0.95 0. 57 5.39 0.29

0.40 0.95 1.27 12.02 0.68

Company 1 0.10 0.97 0. 65 6.32 0.19

0.40 0.94 0. 83 7.84 0.46
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Conclusions

(1) Earthy graphite and other enterprises’ recarburizers dissolved faster in the first
10 min, increased rapidly and reached a maximum at about 10 min, and had a
downward trend after 10 min. The carbonation effect of earthy graphite was
equivalent to that of other enterprises. The effect of earthy graphite on S, N and
O in liquid steel cannot affect the quality of molten steel.

(2) A carbonation kinetic model was obtained,

Ct ¼ k
kþ k0

Ci þðC0 � k
kþ k0

CiÞe�ðkþ k0Þt

Compared with the model that does not consider the carbon oxidation reaction,
this model can better describe the carbonation process of the recarburizer in the
molten steel.
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Distribution Behaviour of Metals
in Copper Alloy Under Super-Gravity
Field

Long Meng, Zhe Wang, Yiwei Zhong, Kuiyuan Chen
and Zhancheng Guo

Abstract In the present study, the influences of super-gravity field with different
cooling rates on the distribution behaviour and the morphology of metallic elements
of Cu alloy were investigated. The Cu alloy was obtained from waste printed circuit
boards by super-gravity separation, and it contained precious and common metals.
The different solubilities of metallic elements in liquid and solid phases lead to
component segregation during solidification of alloys. The results showed that
super-gravity technology can enrich and distribute metallic elements in the Cu alloy
according to different densities, and low cooling rate was favourable for the pre-
cipitation and enrichment of metals in the Cu alloy. When the cooling rate was 2 °
C/min, Fe was enriched in the top of the Cu alloy, while Pb and Sn were enriched in
the bottom of the alloy. The precious metals were combined with Pb and Sn, and
they were enriched with segregation of Pb and Sn.

Keywords Copper alloy � Super-gravity field � Metal � Distribution � Enrichment

Introduction

Nowadays, the manufacturing of electronic and electrical equipment (EEE) and the
associated generation of electronic waste (e-waste) are experiencing a rapid growth
due to the high consumption of electronic devices and their early obsolescence
throughout the world [1]. Printed circuit boards (PCBs) are the key central com-
ponents of electronic equipment and composed of polymers, ceramics and metals,
which make the process more difficult to recycle. The disposal of PCBs has several
health issues, such as the release of toxic and hazardous compounds, contamination
of water, soil and air, and impacts on regions surrounding recycling facilities.
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However, several precious metals (Ag, Au, Pd and Pt) are present in PCBs in much
higher concentrations than typically found in corresponding ores. These precious
metals are frequently used in the electronics industry, particularly as contact
materials, for electroplating, or as connectors because of their high chemical sta-
bility, corrosion resistance and electrical conductivity [2]. For example, Ag is used
in switches, contacts and solders, as well as bonding wire in integrated circuits; Pd
is used in multilayer capacitors and connectors; and Pt is used in hard disks, in
proton-exchange membrane fuel cells and in thermocouples [3, 4]. The environ-
mentally sustainable recovery of precious metals from e-waste is expected to have a
significant economic impact. With appropriate recycling, e-waste could be an
important secondary resource of precious metals for modern resource conservation
and environmental protection. Many technologies have been investigated for the
recovery and concentration of precious metals. The conventional approaches of
recycling precious metals were hydrometallurgy and pyrometallurgy. Park et al.
used aqua regia as a leachant to recover 98 wt% of the input Ag, liquid–liquid
extraction to obtain 93 wt% of the input Pd, and dodecanethiol and sodium boro-
hydride to recycle 97 wt% of the input Au [5]. Alzate et al. developed a novel
methodology to recover Au from waste EEE (WEEE) using ammonium persulfate
((NH4)2S2O8), and the results indicated that more than 98% of the Au were
recovered [6]. Sahin et al. used an iodine–hydrogen peroxide (I2-H2O2) solution
system to recover precious metal, and the leaching efficiency of Au was 99.98% in
shake flask tests and 99.85% in semi-pilot tests using 3% iodine concentration, 1%
H2O2 concentration and 15% solids-% [7]. Li et al. suggested a thiourea leaching
process to extract about 90% Au and 50% Ag from 100 mesh PCBs at room
temperature using solutions containing 24 g/L thiourea and an Fe3+ concentration
of 0.6% [8]. Rashchi et al. utilized nitric acid to recover Ag (87 wt%) and Cu
(98 wt%) from PCB scraps under the optimized condition [9]. Fogarasi et al.
developed an eco-friendly chemical–electrochemical process for the simultaneous
recovery of Cu and separation of Au-rich residue from waste PCBs (WPCBs). The
results showed that a high-purity Cu deposit (99.04 wt%) and 25 times Au con-
centration higher than that in the initial WPCB samples were achieved [10].
Cayumil et al. used high-temperature pyrolysis to concentrate and recover precious
metals in PCBs. This process was successful in concentrating several precious
metals in a small volume fraction and reduced volumes for further processing/
refinement by up to 75% [1]. In this study, a novel approach was reported to
significantly concentrate precious metals present in WPCBs. This approach is
cost-effective and produce minimal secondary waste. Super-gravity is a new tech-
nique for strengthening multiphase flow transfer and reaction process. It uses a
rotating centrifuge to produce a stable, adjustable centrifugal field instead of a
conventional gravitational field. The technology has been successfully applied to
the enrichment of valuable elements from different slags [11, 12], the fabrication of
functionally graded materials [13, 14], the treatment of waste [15, 16] and the
removal of impurities from alloys or metals [17, 18].

In a super-gravity field, different melting points between the solid-particle and
liquid melt would result in particles distributing and separating gradually along the
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centrifugal direction. Based on the characteristics, different metals (Pb, Sn, Zn and
Cu) were selectively separated and recovered from WPCBs by super-gravity in the
previous studies [19, 20]. In this research, precious metals were concentrated in the
Cu alloy and PCB residues by super-gravity technology. The solidification process
of Cu alloy was studied under the super-gravity field, and the influences of
super-gravity field with different cooling rates on the distribution behaviour and the
morphology of metallic elements of Cu alloys were investigated.

Experimental Section

Materials and Methods

TheWPCBs were purchased from an enterprise in Hunan province of China. Prior to
their receipt, the PCBs were crushed, sorted and sieved to obtain a particle size of
about 1.0 mm, and the majority of nonmetallic materials were removed from the
PCBs. The obtained PCBs contained a range of metals and alloys with different
melting points, and themoltenmetals and alloys were separated rapidly from the solid
particles using a super-gravityfield.Most of the low-melting-pointmetals in the PCBs
were preferentially recycled by super-gravity separation, and the high-melting-point
metals (Cu, Zn, Au, Ag and Pd) were remained in the residues. Therefore, the residues
need to be reheated, rotated and centrifuged to allow the recovery of Cu by using
super-gravity technology. The common metals (Pb, Sn, Cu and Zn) were selectively
separated and recovered from WPCBs by super-gravity separation. The precious
metals were concentrated in the Cu alloys and the final residues, respectively.

Equipment

The super-gravity field was generated by a centrifugal apparatus, the schematic and
physical diagrams of which are illustrated in Fig. 1, with the heating furnace and
the counterweight fixed symmetrically onto the horizontal rotor. The temperature of
the separation tank was controlled by a program controller with an R-type ther-
mocouple, with a precision range of ±3 °C. The gravity coefficient (G) was cal-
culated as the ratio of super gravitational acceleration to normal gravitational
acceleration via Eq. (1).

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ x2Rð Þ2
q

g
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þðN2p2R
900 Þ2

q

g
ð1Þ

where x is the angular velocity (rad/s), N is the rotating speed of the centrifuge
(rev/min), R is the distance from the centrifugal axis to the centre of the sample
(R = 0.25 m) and g is normal gravitational acceleration.
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Experimental Procedures

The PCB particles were placed into a set of graphite crucibles of inner diameter
19 mm. The bottom of the upper graphite crucible included small holes (1 mm),
through which metals in the liquid state could pass. Graphite felt (thickness 3 mm)
was laid at the bottom of the upper crucible to retain small solid particles. Similarly,
graphite felt (thickness 5 mm) was laid on the PCB particles to avoid oxidization
during the separation process. Figure 2 shows the flow chart of super-gravity
separation of metals from PCB particles [16]. In the third step process, the 2# PCB
residues were heated to 1200 °C, and then the Cu-Zn alloy was separated and
solidified under the super-gravity field. The different solubility of metallic elements
in liquid and solid phases leads to component segregation during the solidification
of alloys. Due to the different densities of metals, the enrichment behaviour of
metals in the Cu alloy was present in the super-gravity field.

Characterization

The alloys obtained from PCB residues were sectioned longitudinally along the
centre axis. They were characterized by scanning electron microscope and
energy-disperse X-ray spectrum (SEM/EDS, MLA 250, FEI Quanta, USA), and
electron probe X-ray micro analyzer (EPMA-1720H, Shimadzu, Japan).

(a) (b)

10 cm

Fig. 1 Schematic and physical diagrams of centrifugal separation apparatus (1—counterweight; 2
—centrifugal axis; 3—thermocouple; 4—motor; 5—resistance coil; 6—furnace chamber; 7—
refractory materials; 8—filter hole; 9—PCB particles; 10—graphite crucible; 11—refractory brick;
12—horizontal rotor; 13—conductive slipping; 14—dashboard)
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Results and Discussion

After the separation of Pb-Sn and Sn-Cu, the 2# PCB residues were reheated to
1200 °C. The centrifugal device was rotated and centrifuged under a gravity
coefficient of 800. The effects of cooling rates on the metal distribution behaviours
in the Cu-Zn alloys were investigated.

First, a cooling rate of 10 °C/min was conducted in the solidification process
under the super-gravity field. Figure 3 shows the SEM mapping of common metals
in the top and bottom of Cu-Zn alloy, respectively. As indicated, Pb and Sn were
evenly distributed, and no macro-segregation was observed in the sample. In the
solidification process, large cooling rate cannot effectively enrich common metals in
the Cu-Zn alloy under a super-gravity field. Figure 4 shows the EPMA mapping of
precious metals in the top and bottom of Cu-Zn alloy, respectively. The results
showed that the precious metals with large density were combined with Pb and Sn
in the Cu-Zn alloy, and they were uniformly distributed in the Cu-Zn alloy, without
any enrichment.

Fig. 2 Flow chart of super-gravity separation of metals from PCB particles
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Decreasing the cooling rate may cause the precipitation of metallic elements in
the alloy. Therefore, the centrifugal solidification was carried out with a cooling rate
of 5°C/min. Figure 5 shows the microstructure of common metals in the top and
bottom of Cu-Zn alloy. As shown, the contents of Pb and Sn in the top of Cu-Zn
alloy decreased, while the distribution of Pb and Sn in the bottom of Cu-Zn alloy.
Sn is easy to combine with Pb, and its alloy density is larger than that of Cu.
Therefore, they were concentrated in the bottom of Cu-Zn alloy along the cen-
trifugal direction with the temperature decreased. At 5 °C/min, metallic elements

Top

Pb

Cu

Sn

Bottom Cu

Pb Sn

Fig. 3 SEM mapping of common metals in the top and bottom of Cu-Zn alloy

Fig. 4 EPMA mapping of precious metals in the top and bottom of Cu-Zn alloy
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present an enrichment distribution in the alloy. Figure 6 shows the EPMA mapping
of precious metals in the top and bottom of Cu-Zn alloy, respectively. The results
showed that the precious metals are combined with Pb and Sn and distributed in the
bottom of Cu-Zn alloy. It is indicated that low cooling rate was beneficial to the
enrichment of metallic elements in the alloy under the super-gravity field.

Fig. 5 SEM mapping of common metals in the top and bottom of Cu-Zn alloy

Fig. 6 EPMA mapping of precious metals in the top and bottom of Cu-Zn alloy
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The cooling rate was further reduced, and the centrifugation solidification was
carried out at 2 °C/min. Figures 7 and 8 show the SEM mapping of common metals
in the top and bottom of Cu-Zn alloy, respectively. As shown, the contents of Pb
and Sn in the top of Cu-Zn alloy decreased obviously, and they were mostly
distributed in the bottom of the Cu-Zn alloy. Fe, as a low-density metal, was
concentrated in the top of Cu-based alloy. Figure 9 shows the EPMA mapping of
precious metals in the top and bottom of Cu-Zn alloy, respectively. The results
showed that the precious metals were distributed in the bottom of Cu-Zn alloy,
while they were not distributed in the top of Cu-Zn alloy. At 2 °C/min, metallic
elements present obvious segregation and enrichment in the Cu alloy.

The concentrated precious metals will be recycled by electrolytic refining of the
Cu alloy and subsequent treatment by hydrometallurgy. Our findings will improve
the complete super-gravity separation and concentration process of metals from
PCBs and increase the utilization of secondary resources. Future studies will focus
on scale-up experiments and the assessment of the economic costs and environ-
mental impact of the proposed process.

Top Cu Zn

Fe Pb Sn

Fig. 7 SEM mapping of common metals in the top of copper alloy

626 L. Meng et al.



Bottom Cu Zn

Fe Pb Sn

Fig. 8 SEM mapping of common metals in the bottom of copper alloy

Fig. 9 EPMA mapping of precious metals in the top and bottom of Cu-Zn alloy
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Conclusions

The Cu-Zn alloy was obtained from waste PCBs by a third super-gravity separation
process. Super-gravity solidification can affect the enrichment and distribution of
metallic elements in the Cu alloy. The results showed that low cooling rate was
favourable for the distribution and enrichment of metallic elements in the Cu alloy.
At 2 °C/min, a large amount of Fe was enriched in the top of the Cu alloy, while the
majority of Pb and Sn were enriched in the bottom of the alloy. Precious metals
were combined with Pb and Sn and enriched in the bottom of the Cu-Zn alloy. This
paper provides a reference to control the enrichment and purification of metallic
elements whose physical properties are different in alloys under a super-gravity
field.
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Effect of H2/CO Ratio on Gas
Consumption and Energy Utilization
Rate of Gas-Based Direct Reduction
Process

C. Y. Xu, A. Y. Zheng, J. L. Zhang, R. R. Wang, Y. Li,
Y. Z. Wang and Z. J. Liu

Abstract Direct reduced iron (DRI) is an indispensable raw material for producing
high-quality steel and an alternative to scrap. The Midrex process and the HYL
process are the main gas-based direct reduction processes for producing DRI. In this
paper, the theoretical analysis of the thermal mass balance in the shaft furnace under
different H2/CO ratios is carried out. The reduction of gas consumption of different
H2/CO ratios was calculated by the formulas. These calculated values are fitted with
curves to obtain the relationship between the reducing gas consumption and the
H2/CO ratio. Effects of reducing temperatures on the consumption of reducing gas
and the influence of H2/CO ratio on the energy utilization rate were also investi-
gated. The calculation results show that the consumption of reducing gas decreases
with increasing H2/CO ratio and temperature, and the energy utilization rate of the
shaft furnace presents the same trend.

Keywords Gas-based shaft furnace � Direct reduction � Gas consumption � Heat
balance � Mass balance

Introduction

In order to get rid of the fetters of coking coal resource shortage to the development,
adapt to the increasing requirements of environmental protection and reduce the
energy consumption of steel production, non-blast furnace ironmaking technology,
which uses non-coking coal as energy source, has become a research hotspot in the
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steel industry. Direct reduction, which is the major part of non-blast furnace
ironmaking, has also become a focus on iron and steel metallurgy.

According to the data published by Midrex Technologies, Inc, worldwide pro-
duction of direct reduced iron was 72.76 million tons in 2016, among which the
direct reduction iron produced by Midrex and HYL-III/Energiron process accounts
for 64.8 and 17.4%, respectively [1]. Compared with Midrex process, HYL process
has the following differences: (1) Midrex process adopts nickel as catalyst, while
HYL process adopts H2O; (2) Midrex process has strict requirements on sulphur
content of raw materials, while high sulphur ore can be used in HYL process;
(3) H2/CO in the reducing gas of HYL process is higher than that of Midrex
process, and operating temperature of HYL process is also high because the
reduction of H2 is endothermic process; (4) HYL process adopts high-pressure
operation, and Midrex process is normal pressure.

The calculation of energy balance is an important part of different ironmaking
processes, which has been studied by many investigators [2, 3]. On the basis of
energy balance calculation, Qin et al. discussed the influence of various factors on
the temperature of the top gas by the calculation of heat balance [4]. Results show
that the temperature of the top gas increases with the consumption, CO ratio and the
inlet temperature of reducing gas. Wang et al. discussed the influence of a single
factor on the temperature of top gas on the basis of energy balance [5]. Results
show that the temperature of the top gas decreases with the increase of the iron
temperature and the heat loss of the furnace wall. Top temperature of the furnace
increases with the amount of carburizing in DRI.

In this paper, the production conditions of DRI under two typical shaft furnace
processes (Midrex and HYL-III) are simulated, and the energy and mass balance of
two processes are also calculated on the basis of the conservation law of energy.
Moreover, energy utilization ratio of the two gas-based shaft furnace reduction
processes is analysed under different H2/CO ratios, which aims to understand the
main difference between the two processes from the perspective of energy balance.

Actual Production Parameters

Both Midrex and HYL-III processes use pellets and natural lump ore as raw
materials. In this paper, the pellets produced by a steel plant are used as main charge
material for the shaft furnace, and the composition of pellets is shown in Table 1.

Midrex and HYL-III use different natural gas reforming technologies, and the
corresponding composition and temperature of reducing gas of each process are

Table 1 Composition of charging pellets, wt%

TFe Fe2O3 FeO SiO2 CaO Al2O3 MgO P S TiO2 Other Total

68.750 97.660 0.570 1.270 0.068 0.500 0.130 0.001 0.004 0.110 0.061 100
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also different. The H2/CO ratio and temperature of the reducing gas is low in
MIDREX process, which is due to the reduction of iron oxide by CO would release
a lot of heat, thus the temperature of reducing gas is decreased in order to prevent
the sticking behavior of burden. The H2/CO ratio and temperature of the reducing
gas is relative higher in HYL-III process, which is due to the reduction of iron oxide
by H2 would absorb heat, thus the temperature of reducing gas should be increased
in order to ensure adequate heat in the furnace and high production efficiency. In
this paper, two kinds of reducing gas with different H2/CO ratios were selected and
the specific parameters are shown in Table 2, in which No. 1 simulated the
reduction conditions of Midrex shaft furnace [6] and No. 2 simulated HYL-III shaft
furnace [7]. The temperature of the reducing gas of No. 1 and No. 2 is 1174 and
1203 K, respectively.

In actual production, the top gas of shaft furnace contains dust. Due to the small
amount of dust brought in by reducing gas which can be neglected, this paper
proposed that the furnace dust is 30 kg/tHM, and all of them come from pellets, so
the composition of the dust is the same with pellets and is shown in Table 3.

DRI is produced by reducing iron ore at a temperature below the melting tem-
perature, and there is no slagging reaction in the smelting process; thus, phase
composition of gangue components in the iron ore did not change much before and
after the reaction. Also, as the raw material for high-quality steel, the sulphur
content in the direct reduction iron should be less than 0.02%. Moreover, the
reduction process is accompanied by carburizing reaction, so the carbon element is
also contained in the DRI. Combining theory and actual production, the carbon
content of DRI is proposed as 2%. On the basis of the above conclusions, the main
composition of the DRI is shown in Table 4.

Mass and Energy Balance

Mass Balance

Calculation of Amount of Charge Material

This calculation is based on the production of 1t DRI.
According to the iron balance and the consideration of dust discharging amount,

the mass of charging pellets could be calculated by Eqs. (1) and (2):

Table 2 Composition and temperature of reducing gas, wt%

No. CO CO2 H2 CH4 N2 + Ar H2O Total

1 34.45 2.60 53.47 3.00 0.65 5.83 100.00

2 13.00 3.30 74.10 7.00 1.20 1.40 100.00
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Gpe � ðTFe%Þpe ¼ GDRI � ðTFe%ÞDRI ð1Þ

Gdust � ðTFe%Þdust ¼ ðGP pe � GpeÞ � ðTFe%Þpe ð2Þ

where GP
pe, Gpe, GDRI and Gdust are the mass of total pellet, pellet, DRI and dust,

respectively; (TFe%)pe, (TFe%)DRI and (TFe%)dust are the percentage of TFe in
pellets, DRI and dust, respectively. By inserting the data in Tables 1, 3 and 4 into
Eqs. (1) and (2), the required amounts of total pellet could be calculated out and the
result is 1382.73 kg.

Calculation of the Reducing Gas Volume

The reaction in the shaft furnace is more complicated under high temperature,
which includes the reduction reaction of iron oxide, carburizing reaction, carbon
emission reaction, water–gas conversion reaction and methane conversion reaction,
as shown in Eqs. (3)–(8).

3Feþ 2CO ¼ Fe3CþCO2 ð3Þ

3FeþCH4 ¼ Fe3Cþ 2H2 ð4Þ

2CO ¼ CþCO2 ð5Þ

COþH2O ¼ CO2 þH2 ð6Þ

CH4 þCO2 ¼ 2H2 þ 2CO ð7Þ

CH4 þH2O ¼ 3H2 þCO ð8Þ

The temperature in shaft furnace is continuously increasing from top to bottom,
and the ore suffered different reduction processes with the increase of temperature.
Studies have shown that no matter what reducing agent was used, the iron oxides
were changed from high-price oxides to low-price oxides, and the order is as
follows: T > 570°C, Fe2O3 ! Fe3O4 ! FeO ! Fe; T < 570 °C, Fe2O3 !
Fe3O4 ! Fe. The main role of the reducing gas is to reduce the iron oxide as a
reducing agent and secondly is to supply heat. In addition, in the shaft furnace
reduction process, the reduction of each stage is carried out in series, and the
reduction from FeO to Fe has the highest demand for the reducing atmosphere.

Table 4 Main composition of DRI, wt%

Components TFe MFe P S C Metallization

Proportion 93.00 84.00 0.02 0.02 2.00 90.32
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Therefore, the amount of reducing gas used in this stage is the theoretical amount of
reducing gas required for reducing iron ore, as given in Eq. (9) [5, 8].

Vtheory ¼
VH2=COðFeO!FeÞ þVCOðcarburizingÞ þVH2 þCOðmethane conversionÞ

g

� 1
ðH2%Þreducing gas þðCO%Þreducing gas

¼
400ðMFe%ÞDRI þ 3730ðC%ÞDRI þ 4Vreducing gas ðCH4%Þtop gas � ðCH4%Þreducing gas

h i
ðH2%Þreducing gas�KH2

1þKH2
þ ðCO%Þreducing gas�KCO

1þKCO
� ðH2O%Þreducing gas

1þKH2
þ ðCO2%Þreducing gas

1þKCO

� �

� 1
ðH2%Þreducing gas þðCO%Þreducing gas

ð9Þ

where KH2 and KCO represent the reaction equilibrium constants of the third stage
under the atmosphere of H2 and CO, respectively; η represents the comprehensive
utilization rate of the mixed reducing gas in the third stage of reduction. Because
the CH4 content in the top gas and the reducing gas are small and the change is not
large, the influence of methane conversion on the gas utilization rate could be
ignored in Eq (9).

According to the references, value of the equilibrium constant K of the two
reactions is as follows [9]:

KCO ¼ expð�2:35þ 1942:51
T

Þ ð10Þ

KH2 ¼ expð�1:943þ 2818:14
T

Þ ð11Þ

As the equilibrium constant is related to the temperature, the demand for the
theoretical amount of reducing gas is affected by the reduction temperature. By
inserting the data in Table 2 into Eqs. (9), (10) and (11), the actual demand of
reducing gas for the Midrex and HYL-III processes is calculated to be 1700 and
1605 m3, respectively (it is usually 1.05–1.2 times of the theoretical value [5, 10]).

Calculation of the Composition and Content of Top Gas

Based on the mass conservation of C and H before and after the reduction, the
volumes of CO, CO2, H2 and H2O in the top gas are as follows:

VH2ðtop gasÞ ¼ VH2ðreducing gasÞ � VH2ðFe2O3!FeÞ � VH2ðFe2O3!FeOÞ ð12Þ
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VH2Oðtop gasÞ ¼ VH2Oðreducing gasÞ � VH2OðFe2O3!FeÞ � VH2OðFe2O3!FeOÞ � VH2O
P

peð Þ
ð13Þ

VCOðtopgasÞ ¼ VCOðreducing gasÞ � VCOðFe2O3!FeÞ � VCOðFe2O3!FeOÞ
� VCOðmethane conversionÞ ð14Þ

VCO2ðtopgasÞ ¼ VCO2ðreducing gasÞ � VCO2ðFe2O3!FeÞ � VCO2ðFe2O3!FeOÞ
� VCO2ðmethane conversionÞ ð15Þ

According to the mass conservation of sulphur element, after the desulfurization
reaction, volume of H2S in top gas is as follows:

VH2Sðtop gasÞ¼
22:4� G

SðtopgasÞ

32
¼

22:4� GSð
P

peÞ þGSðreducing gasÞ � GSðDRIÞ � GSðdustÞ
h i

32
ð16Þ

N2 and other gases do not take part in the chemical reaction, and thus the volume
remains unchanged before and after the reaction:

VN2 þArðreducing gasÞ ¼ VN2 þArðtopgasÞ ð17Þ

Take the data of Table 2 into Eqs. (12)–(17), the volume and content of each
component of top gas of the Midrex and HYL-III shaft furnace could be calculated,
and the results are shown in Tables 5 and 6, respectively.

Mass Calculation of Each Component in DRI

Since the smelting of DRI is carried out at a lower temperature and there is no
slagging reaction, the gangue components in the ore almost unchanged during the

Table 5 Composition of top gas of Midrex shaft furnace

Components CO CO2 H2 CH4 N2 + Ar H2O H2S Total

Volume (m3/t) 327.28 273.58 580.24 51.00 11.05 427.86 1.47 1672.48

Proportion (%) 19.57 16.36 34.69 3.05 0.66 25.58 0.09 100.00

Table 6 Composition of top gas of HYL-III shaft furnace

Components CO CO2 H2 CH4 N2 + Ar H2O Total

Volume (m3/t) 67.82 180.97 759.17 112.35 19.26 452.60 1592.17

Proportion (%) 4.26 11.37 47.68 7.06 1.21 28.43 100.00
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smelting process. The content of each component in DRI could be calculated
according to the material conservation, as shown in Eqs. (18)–(24).

GTFe¼ ðTFe% )� GDRI ð18Þ

GMFe ¼ ðMFe% )� GDRI ð19Þ

ðFeO%Þ ¼ ðTFe%Þ � ðMFe%Þ½ � � 72
56

ð20Þ

GFeO ¼ ðFeO% )� GDRI ð21Þ

GC ¼ ðC% )� GDRI ð22Þ

GSiO2 ¼ GSiO2ðpeÞ � GSiO2ðdustÞ ð23Þ

GS ¼ GSðpeÞ þGSðreducing gasÞ � GSðdustÞ � GSðtopgasÞ ð24Þ

Based on the above calculation process and results, the mass balance of the
Midrex and HYL-III process is shown in Tables 7 and 8, respectively.

Heat Balance

Calculation of shaft furnace heat balance is to study the energy budget during
smelting process, which is based on the conservation law of energy. Heat balance

Table 7 Mass balance for the Midrex furnace, kg

Input item Output item

Total pellet 1382.73 DRI 1000.00

Reducing gas (dry) 950.28 Top gas (dry) 1014.34

Moisture in reducing gas 79.64 Moisture in top gas 343.82

Dust 30.00

Total 2412.65 Total 2388.16

Table 8 Mass balance for the HYL-III furnace, kg

Input item Output item

Total pellet 1382.73 DRI 1000.00

Reducing gas (dry) 575.36 Top gas (dry) 532.10

Moisture in reducing gas 18.06 Moisture in top gas 363.70

Dust 30.00

Total 1976.15 Total 1925.80
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calculation methods include the whole furnace heat balance and regional heat bal-
ance. The first method calculates the amount of heat generated and consumed
according to Hess law of thermochemistry and is based on the initial shape as well as
the final shape of the charging material in furnace, but it neglects the actual chemical
reaction in the shaft furnace. Therefore, the second thermal equilibrium calculation
method, which could consider water–gas shift reaction and carburization reaction
and better reflect the essence of heat exchange in shaft furnace, is used in this paper.
Based on the results of material balance calculation, this paper takes 298 K as the
reference temperature and calculates the energy budget of shaft furnace.

Calculation of Heat Input

The charging temperature of pellets is assumed as 298 K in this paper. The rela-
tionship between the specific heat and the temperature of each component in pellets
could be obtained by references. The amount of each component in the pellets can
be obtained from Table 1. The physical heat brought by the pellets can be derived
from Eq. (25).

QP pe ¼ QFe2O3 brought þQFeO brought þQSiO2brought þQCaObrought þQAl2O3 brought

þQMgO brought þQMnO brought þQH2O brought þQTiO2 brought

¼
Z298
273

nFe2O3 � CpðFe2O3Þ þ nFeO � CpðFeOÞ þ nSiO2 � CpðSiO2Þ þ nCaO � CpðCaOÞ þ nAl2O3

�CpðAl2O3Þ þ nMgO � CpðMgOÞ þ nMnO � CpðMnOÞ þ nH2O � CpðH2OÞþ nTiO2 � CpðTiO2Þ

" #
� dt

ð25Þ

where QP
pe represents the total physical heat brought by pellets, kJ; Qbrought rep-

resents the physical heat brought by each component in the pellets, kJ; Cp repre-
sents the specific heat of each component in the pellet, kJ mol−1 K−1; n represents
the molar mass of each component in the pellet, mol. The physical heat of the
Midrex and HYL-III shaft furnace brought by pellets can be calculated, and the
result is 0 kJ. (This paper takes 298 K as the reference temperature, and the tem-
perature of pellets is 298 K too.)

The relationship between the molar heat capacity at constant pressure and
temperature of the components in the reducing gas can be obtained by references.
The amount of each component in the reducing gas can be determined from
Table 2. The physical heat introduced by the reducing gas is given by Eq. (26).

Qreducing gas ¼ QH2brought þQN2brought þQH2Obrought þQCObrought þQCO2brought þQCH4 brought þQH2Sbrought

¼
ZTreducing gas

273

nH2 � CpðH2Þ þ nN2 � CpðN2Þ þ nH2O � CpðH2OÞ þ nCO � CpðCOÞ
þ nCO2 � CpðCO2Þ þ nCH4 � CpðCH4Þ þ nH2S � CpðH2SÞ

" #
� dt

ð26Þ
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where Qreducing gas represents the physical heat brought by the reducing gas, kJ;
Qbrought represents the physical heat introduced by each substance in the reducing
gas, kJ; Cp represents the specific heat of each component in the reducing gas,
J mol−1 K−1; Treducing gas represents the temperature of reducing gas, K; n repre-
sents the molar mass of each component in the reducing gas, mol. By inserting the
data from Table 2, the physical heat introduced by reducing gas could be calcu-
lated. The results of calculation show that the physical heat introduced into the
Midrex and HYL-III shaft furnaces by the reducing gas is 2,334,454.9 and
1,930,108.5 kJ, respectively.

The carbon content of DRI assumed in calculation is 2%, and the needed amount
of CO and the carburizing reaction energy consumption are calculated by Eq. (27)
and (28) [11]:

VCO carburizing ¼ ðC%ÞDRI � GDRI � 2� 22:4
12

ð27Þ

Qcarburizing ¼ nCO � DHH
T ð28Þ

where VCO carburizing represents the volume of CO consumed by the carburizing
reaction, m3; (C%)DRI represents the carburizing rate, %; GDRI represents the
quality of DRI, kg; Qcarburizing represents the heat release by the carburizing reac-
tion, kg; nCO represents the molar mass of CO, mol; DH represents the thermal
effect of the standard reaction, kJ/mol.

Calculation of Heat Expenditure

The heat transfer and reduction reaction are completed during the countercurrent
contact process of reducing gas and pellets in the reduction section. Although the
temperature of reducing gas is different under two conditions, while there is a large
amount of H2 in the reducing gas, a lot of heat is absorbed by pellets during the
reduction process of the wustite. The physical heat brought out by DRI can be
obtained by Eq. (29).

QDRI ¼ QFe2O3ex þQSiO2ex þQCaOex þQAl2O3ex

þQMgO ex þQMnOex þQH2O ex þQTiO2ex

¼
ZTtopgas

273

nFe2O3 � CpðFe2O3Þ þ nSiO2 � CpðSiO2Þ þ nCaO � CpðCaOÞ þ nAl2O3 � CpðAl2O3Þ
þ nMgO � CpðMgOÞ þ nMnO � CpðMnOÞ þ nH2O � CpðH2OÞ þ nTiO2 � CpðTiO2Þ

" #
� dt

ð29Þ

where QDRI represents the physical heat taken away by DRI, kJ; Qex represents the
amount of heat taken away by each component of DRI, kJ; Cp represents
the specific heat of each component in DRI, J mol−1 K−1; Ttop gas represents the
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discharging temperature of DRI from reduction section, K; n represents the molar
mass of each component in DRI, mol.

The physical heat taken away by the top gas can be calculated by Eq. (30).

Qtopgas ¼ QH2ex þQN2ex þQH2Oex þQCOex þQCO2ex þQCH4ex þQH2Sex

¼
ZTtopgas

273

nH2 � CpðH2Þ þ nN2 � CpðN2Þ þ nH2O � CpðH2OÞ þ nCO � CpðCOÞ
+ nCO2 � CpðCO2Þ þ nCH4 � CpðCH4Þ þ nH2S � CpðH2SÞ

" #
� dt

ð30Þ

where Qtop gas represents the physical heat taken away by the top gas, kJ; Qex

represents the physical heat taken away by each component of the top gas, kJ; Cp

represents the specific heat of each component of the top gas, J mol−1 K−1; n rep-
resents the molar mass of each component in the top gas, mol.

The heat consumption of iron oxide reduction reaction includes: the reduction of
iron oxides by H2 and CO produces metallic iron and residual iron oxide, which
consumes heat. The heat consumption of each process can be calculated by
Eq. (31).

QFe2O3!Fe=FeO ¼ nH2ðFe2O3!FeÞ � DHH
T þ nCOðFe2O3!FeÞ � DHH

T

þ nH2ðFe2O3!FeOÞ � DHH
T þ nCOðFe2O3!FeOÞ � DHH

T

ð31Þ

where QFe2O3�Fe=FeO and QFe2O3-Fe/FeO represents the heat taken away by the
reduction of iron oxide, kJ; n represents the molar mass by each reduction reaction,
mol; DH represents the thermal effect of the standard reaction, kJ/mol.

The physical heat brought out by dust can be calculated by Eq. (32).

Qdust ¼ QFe2O3ex þQSiO2ex þQCaOex þQAl2O3ex

þQMgOex þQMnOex þQH2Oex þQTiO2ex

¼
ZTtopgas

273

nFe2O3 � CpðFe2O3Þ þ nSiO2 � CpðSiO2Þ þ nCaO � CpðCaOÞ þ nAl2O3 � CpðAl2O3Þ
þ nMgO � CpðMgOÞ þ nMnO � CpðMnOÞ þ nH2O � CpðH2OÞ þ nTiO2 � CpðTiO2Þ

" #
� dt

ð32Þ

where Qdust represents the physical heat taken away by dust, kJ; Qex represents the
physical heat taken away by each component in the dust, kJ; Ttop gas represents the
temperature of top gas, K; Cp represents the specific heat of each component in the
dust, J mol−1 K−1; n represents the molar mass of each component in the dust, mol.

Finally, the heat quantity used for the heat loss should also be taken into account.
The final heat balance results are shown in Tables 9 and 10.
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Table 9 Heat balance for the Midrex shaft furnace

Source of heat Expenditure of heat

Item Heat (kJ) Percentage
(%)

Item Heat (kJ) Percentage
(%)

Physical heat
of
reducing gas

2,334,454.9 89.7 Enthalpy
of top gas

1,344,475.0 51.7

Physical heat
of total pellet

0.0 0.0 Physical
heat of
DRI

793,221.2 30.5

Heat released
by the
carburizing
reaction

267,015.9 10.3 Reduction
heat of
iron oxide

207,673.1 8.0

Physical
heat of
dust

14,309.3 0.6

Heat loss 241,792.2 9.3

Total 2,601,470.8 100.0 Total 2,601,470.8 100.0

Table 10 Heat balance for the HYL-III shaft furnace

Source of heat Expenditure of heat

Item Heat (kJ) Percentage
(%)

Item Heat (kJ) Percentage
(%)

Physical heat of
reducing gas

1,930,108.5 87.8 Enthalpy
of top gas

1,342,689.3 51.2

Physical heat of
total pellet

0.0 0.0 Physical
heat of
DRI

670,356.7 25.6

Heat released
by the
carburizing
reaction

267,015.9 12.2 Reduction
heat of
iron oxide

364,765.8 13.9

Physical
heat of
dust

14,983.4 0.6

Heat loss 227,552.1 8.7

Total 2,197,124.4 100.0 Total 2,620,347.2 100.0
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Results and Discussion

Reducing gas consumption and reducing gas utilization rate are two basic indicators
to evaluate the energy consumption of gas-based reduction shaft furnace. Thus,
decreasing the reducing gas consumption and improving the utilization rate are the
keys to improve the energy utilization rate.

Effect of H2/CO Ratio on the Gas Consumption

Gas consumption of two processes (Midrex and HYL-III) was calculated under the
same indexes of DRI, and the influence of methane conversion reaction on reducing
gas consumption was neglected. The effect of H2/CO ratio on the gas consumption
was studied by changing the H2/CO ratio and maintaining other components in
reducing gas unchanged. Theoretical reduction gas volume needed to produce 1t of
DRI under different H2/CO conditions is calculated, and curve fitting on the cal-
culated values is performed by MATLAB, as shown in Fig. 1.

As can be seen from Fig. 1, the amount of theoretical reducing gas needed to
produce 1t DRI decreases with the increase of H2/CO ratio. That means when
producing 1 t sponge, the theoretical reducing gas consumption of HYL-III process
is less than that of the Midrex process. This is mainly due to the fact that under
1173 K, the utilization rate of H2 is higher than that of CO, and thus the increase of
H2 ratio in the reducing gas would increase the total gas utilization rate and
decrease the demand amount of reducing gas.

Fig. 1 Effect of reducing gas composition on the theoretical gas consumption
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Effect of Reducing Temperature on the Gas Consumption

Theoretical gas consumption to produce 1 t DRI under different temperatures was
calculated by changing H2/CO ratio and reducing temperature, and results are
shown in Fig. 2.

It can be seen from Fig. 2 that under ratios of H2/CO = 1.6 (Midrex) and H2/
CO = 5.7(HYL-III), the theoretical reducing gas consumption decreases with the
increase of temperature, and the greater the H2/CO ratio is, the faster the reducing
gas consumption decreases. When the temperature rises from 900 to 1000 °C, the
theoretical gas consumption of Midrex (H2/CO = 1.6) process decreases from
1723 m3/DRI(t) to 1625 m3/DRI(t), which would decrease by 98 m3/DRI(t), while
the value is 142 m3/DRI(t) for HYL-III. That means the temperature has a bigger
influence on the gas consumption of HYL-III than MIDREX, the main reason is
that the reducing gas of HYL-III process contains more H2, the reduction of iron
oxides by which is an endothermic reaction, thus the gas utilization rate increases
rapidly with the increase of temperature and obviously would decrease the reducing
gas consumption.

Effect of H2/CO Ratio on the Energy Utilization Rate

The energy of shaft furnace mainly comes from reducing gas, and the energy of
reducing gas includes two parts: physical heat and chemical energy in which the
physical heat is proportional to the temperature of the reducing gas and the
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chemical energy is mainly the heat released by the oxidation reaction of H2 and CO
in reducing gas. The utilization rate is mainly determined by H2/CO ratio of the
reducing gas. According to the physical heat utilization ratio and chemical energy
utilization ratio, the total energy utilization rate of the shaft furnace could be cal-
culated as follows [12]:

gt ¼
Ephgph þEchgch

Eph þEch
ð33Þ

where ηt represents total energy utilization rate of shaft furnace,%; ηph represents
vertical furnace physical heat utilization,%; ηch represents shaft furnace chemical
heat utilization,%; Eph represents reducing gas physical heat total, GJ/t; Ech rep-
resents shaft furnace total energy utilization, GJ/t.

The total energy consumption distribution and its utilization in the Midrex and
HYL-III processes can be calculated according to the mass balance and Eq. (33).

Figure 3 shows the energy consumption distribution of shaft furnace under H2/
CO = 1.6 (Midrex) and H2/CO = 5.7 (HYL-III), which indicated that with the
increase of H2/CO ratio, the proportion of heat absorbed by the oxidation of H2

increases. Apply the data to Eq. (27), and energy utilization rate of two processes
can be calculated, which are 48.97 and 43.60%, respectively. Thus, the energy
utilization rate of the gas-based reduction shaft furnace process decreases with the
increase of H2/CO ratio in the reducing gas.
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Conclusion

The theoretical analysis of the thermal mass balance in the shaft furnace reduction
process under different H2/CO ratios is carried out in this paper based on the
method of regional heat balance calculation, the reducing gas consumption and
energy utilization rate of each process are also evaluated, and the results are shown
as follows:

(i) With the increase of the H2/CO ratio, the demand of reducing gas for the
production of 1t DRI in the gas-based reduction shaft furnace decreases. The
higher the H2/CO ratio, the higher the decrease in reducing gas consumption
of the process is more significant. It can be seen that the reducing gas
composition and the reduction temperature determine the maximum possible
reducing gas utilization under the thermodynamic conditions.

(ii) The consumption of reducing gas decreases with the increase of temperature.
With the increase of H2/CO ratio, the effect of temperature on the con-
sumption of reducing gas is more significant, which is due to the increasing
utilization rate of reducing gas.

(iii) The energy utilization rate of shaft furnace decreases with the increase of
H2/CO ratio, which decreases by 5.37% when H2/CO increases from 1.6 to
5.7. This is inversely proportional to the theoretical demand of reducing gas.
The thermodynamic conditions can only solve the problem of limit; thus, it is
necessary to rely on sufficient dynamic conditions to further make the actual
reducing gas utilization close to this limit.
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Effects of Particle Size of Coke on Iron
Ore Sintering Process

Huaiying Ma, Wen Pan, Lei Liu, Zhidong Zhang and Chunlai Wang

Abstract In order to increase the combustion efficiency of coke breeze in sintering
process, thermogravimetry-differential scanning calorimetry tests of coke breeze
and sintering pot tests were carried out. The effects of particle size of coke on
combustion and sintering process were examined. The surface air velocity and the
exhaust gas composition of a sintering machine were also tested in a sintering
strand. The results showed that the fine coke breeze burned quickly, but high ratio
of fine particle in coke breeze was not beneficial for the improvement of the sinter
quality. The low permeability of the front section of the sintering machine caused
the low combustion efficiency of coke breeze which could be improved by
increasing the coarse powder ratio of coke breeze.

Keywords Coke breeze � Particle size � Combustion efficiency
Sintering

Introduction

Coke breeze is the main heat source in sintering process. Its combustion yields
enough amounts of heat which melts the sinter mix. One of the factors that sig-
nificantly affect the course of coke breeze combustion is its grain size [1–3]. It is
known that fine-grained coke reduces permeability of the sinter mix and the use of
coke breeze with particle size below 1 mm is avoided on the sintering strand [4, 5].
Most of the sintering plant in China controls the ratio of −3 mm coke breeze over
80% to get the best sintering performance. In this study, experiments were carried
out to evaluate effects of particle size of coke on iron ore sintering and to obtain the
proper proportion of 1–3 mm coke breeze.
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Sample and Experiment

Table 1 summarizes the chemical analyses of the component ores used in the tests.
Coke breeze of −0.1, 0.1–1, 1–3 mm were tested by STA449C TG-DSC apparatus
made by Netzsch, the air flow was 20 L/min with a heating rate of 20 °C/min. First,
all the raw materials were weighed and mixed manually, the second manual mixing
was carried after a certain amount of water was added. Then, the granulated mix
was transferred into a drum for granulation for 5 min. After that, they were charged
into a sinter pot (diameter: 250 mm, height of 500 mm) with 2 kg hearth materials
which were 10–16 mm of sinter product. Underpressure of ignition and sintering
were controlled at constant level of 6 and 12 kPa separately. The sintering was
finished when the waste gas was cooled down to 200 °C from the maximum
temperature. The sinter was crushed by a single toothed roller crusher and then
subjected to a standard testing.

Size distribution of coke breeze in each sintering test was listed in Table 2. The
first 4 tests were carried out using coke breeze of one range.

Table 1 Chemical compositions and blending ratio of sintering materials (mass%)

Materials TFe SiO2 CaO MgO Al2O3 LOI Ratio

Ore A 61.31 3.94 0.05 0.10 1.99 5.37 17.88

Ore B 65.46 6.75 0.31 0.65 0.26 −2.83 15.55

Ore D 57.24 4.95 0.07 0.05 1.34 10.11 3.89

Ore E 61.01 4.16 0.062 0.07 2.09 6.81 13.22

Ore F 64.52 4.38 0.00 0.00 0.83 1.62 3.89

Return fine 54.45 6.06 11.94 2.09 1.75 −0.65 30.32

Limestone 2.51 47.55 5.20 0.00 42 6.17

Dolomite 3.57 31.04 19.93 0.00 45 1.15

Lime 4.01 78.54 9.67 0.00 10 3.89

Coke breeze 4.05

Table 2 Size distribution of
coke breeze in each test
(mass%)

Tests <1 mm 1–3 mm 3–5 mm 5–8 mm

Test 1 100

Test 2 100

Test 3 100

Test 4 100

Test 5 45.6 38.0 16.4

Test 6 45.6 28.0 26.4

Test 7 45.6 22.8 21.5 10.1

Test 8 45.6 20.2 19.1 15.1
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Results

TG-DSC Tests

Figure 1 shows the thermogravimetry-differential scanning calorimetry (TG-DSC)
curves of coke breeze with different particle size. From the TG curves in the upper
part of the figure, coke breeze size −0.1 mm showed the lowest initial weight loss
temperature and maximum mass loss rate. The DSC curves showed that the
−0.1 mm coke breeze had the highest exothermic rate below 700 °C, followed by
0.1–1 and 1–3 mm coke breeze. Above 700 °C the exothermic rate of −0.1 mm
coke breeze became lower and showed a small endothermic peak.

Sintering Pot Tests

Effects of particle size of coke breeze on flame front speed (FFS) and productivity
were shown in Fig. 2. Coke breeze of 1–3 and 3–5 mm showed a positive effect on
increasing FFS and productivity. Figure 3 shows that yield was increased and coke
consumption was decreased using coke breeze of the same size.

The maximum tumbler index (TI) and mean diameter have been observed in
Fig. 4 when 1–3 mm coke breeze was used.

Figures 5 and 6 show the results for FFS, productivity, yield and fuel con-
sumption. With the increasing ratio of 1–3 mm coke breeze, productivity, FFS and
fuel consumption increased. Figure 7 shows the TI and mean diameter, respec-
tively. In case of 22.8% coke breeze size 1–3 mm bypass, the maximum TI and
mean diameter were reached.
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Application at a Commercial Plant

The wind speed above the sintering bed is shown in Fig. 8. Along the length
direction of sintering strand, the wind speed firstly descended then ascended. It
indicates that less oxygen flowed across the bed until the permeability was
increased.

In order to improve the bed permeability, interval between the coke crusher
rollers was increased. The increasing ratio of coke breeze size 1–3 mm with the
decreasing ratio of coke breeze size −1 mm has been shown in Fig. 9. For con-
venience, the primary coke was named fine coke and coke with more 1–3 mm
particles was called coarse coke.
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Figure 10 shows that the FFS increased after the coarse coke breeze had been
used. Ratios of CO/(CO + CO2) in each wind box before and after the coke size
changed were shown in Fig. 11. Ratios of CO/(CO + CO2) decreased after coarse
coke breeze had been used, which indicates a higher combustion efficiency of coke.

Discussion

Coke breeze of smaller size burns fast because of its large specific surface area. FFS
is influenced by the combustion speed of coke, the distribution of coke in
quasi-particles and the permeability of the sintering bed. In the sintering process, by
using coke breeze size −1 mm the mean diameter of raw materials before granu-
lation decreased and the quasi-particle diameter became smaller [6]. Thus, a slower
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FFS of adding coke breeze size −1 mm has been observed. Because of the lower
combustion speed and the decline in numbers under the same mass, adding coke
breeze of larger size (+5 mm) also decreased the FFS. Results of sintering pot tests
showed that FFS became faster when the ratio of coke breeze size 1–3 mm
increased. It was considered that the permeability of the packed bed increased with
the increasing ratio of coke particles of 1–3 mm because the latter fraction played a
role as nuclei particles in the granulation process [7].

Conclusions

Laboratory sintering tests were conducted to study the effects of particle size of
coke breeze on the sintering process. The results showed that both the coke breeze
of −1 mm and +5 mm could cause a slow sintering speed and inferior sintering
performance. With the increasing ratio of coke breeze size 1–3 mm, productivity
and FFS increased. Effects of coke breeze size on sintering were also investigated in
a sintering plant. The FFS and combustion efficiency increased with the increasing
ratio of 1–3 mm coke breeze.
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Experimental Study on Dechlorination
of Cold-Rolling Sludge
at High-Temperature Roasting

Yi Li, Hongwei Cheng, Guangshi Li, Xiaoyong Mei, Xionggang Lu
and Qian Xu

Abstract Hitherto, the iron content after cold-rolling sludge dehydration in iron
and steel enterprises has reached up to 60%. However, it contains a lot of chlorine,
which is the source of dioxins. And the presence of chlorine makes the cold-rolling
sludge possess highly corrosivity, causing great trouble in the reproduction process.
Therefore, dechlorinating experiments on cold-rolling sludge are of great signifi-
cance. In this paper, we proposed an efficient way to dechlorinate the cold-rolling
sludge by using high-temperature roasting method. XRD, SEM and other analytical
methods were carried out to characterize the sludge. For comparison, the samples
were heated from 200 to 500 °C for 2 h under air atmosphere. The dechlorinating
efficiency reaches a very high value of 99%, and the main phase of final product is
Fe2O3. In addition, we analysed the reaction mechanism and clarified the removal
form of chlorine in the roasting process. These findings open up a promising avenue
for steel enterprises to deal with cold-rolling sludge.

Keywords Cold-rolling sludge � Dechlorination � Roasting

Introduction

After dewatering of cold-rolled sludge, the total iron content is as high as 60%. It
also contains various metal elements and has good resource recycling value. Due to
the production process, the obtained cold-rolling sludge contains 10–20% chlorine,
wherein the chlorine-containing compound is a source of dioxins [1, 2]. And the
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sludge is highly corrosive, causing difficulties in its return to production. Every
year, the total amount of cold-rolling sludge produced by various steel mills in
China is more than 100,000 tons [3]. Its complex composition, large output and
serious damage have become difficult points for environmental protection of
stainless steel enterprises. However, there is no safety, economical and practical
recovery process at home and abroad. Baosteel once explored the making of sludge
into pellets and returned to the blast furnace for metallurgical production [4].
However, the chlorine element was enriched in the blast furnace, and the adverse
effects on the stable production of the blast furnace could not be ignored. In
addition, the pollution of the toxic waste gas also needed to be resolved. Thus, it is
very significative to explore a dechlorination method for cold-rolling sludge, which
can cost-effectively reduce the disposal cost, recycle valuable resources and control
the generation of pollution.

In this paper, cold-rolling sludge was transformed into metal oxides by oxidation
roasting method. Meanwhile, the chloride compounds with a higher evaporation
gradually ran into the vapour phase and then separated from the cold-rolling sludge.
Based on previous studies, the reaction mechanism of dechlorination process was
further established.

Experimental Materials and Methods

Experimental Materials

The cold-rolling sludge was collected from a stainless steel enterprise (China), and
the main chemical composition of the sludge was given in Table 1. It showed that
the cold-rolling sludge was composed of many complex components. Besides, Fe
element content was much higher than any other elements, followed by Cl element.
If the chlorine was not removed, it would come into the metallurgical system and
result in a high Cl content in blast furnace, which is harmful to the metallurgical
process [5–7].

According to the X-Ray diffraction pattern of cold-rolling sludge shown in
Fig. 1, the main mineral phases were ferrous chloride (FeCl2�4H2O) and goethite
(FeOOH). And all reagents used in this study were of analytical grade.

Table 1 Main chemical composition of cold-rolling sludge (mass, %)

Element Fe Cl O Al Cr Si

Content/% 60.08 19.67 17.05 1.2 0.68 0.36
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Methods

10 g of samples was placed into the corundum crucible. The corundum crucible
was transferred into the tube after the tube furnace was heated to the set roasting
temperature.

At the same time, air was passed into the reactor. The rate of air flow into the
reactor was controlled by gas flowmeter. The tail gas was promptly discharged from
the tube. In addition, we also investigated the effect of different roasting tempera-
tures on Cl removal rate. After high-temperature roasting, the cold-rolling sludge
samples were cooled to room temperature. Potentiometric titration [8] was used to
determine chlorine content. Cl removal rate in cold-rolling sludge was mathemat-
ically expressed as:

g Clð Þ ¼
M Clð Þ �M0

Clð Þ
M Clð Þ

� 100% ð1Þ

where M(cl) represents initial chloride content in cold-rolling sludge; M′(Cl) denotes
Cl content in cold-rolling sludge after roasting; and η(Cl) represents % Cl removal.

The composition of the cold-rolling sludge was determined by XRF (XRF-1800,
SHIMADZU LIMITED) with full spectrum scanning at 8o/min. Mineral compo-
sitions of the cold-rolling sludge and the dechlorination products were characterized
by X-ray diffraction on a Rigaku model 3 kW D/MAX2200V PC. The XRD data
were collected at 50 kV/50 mA and with a 2 theta range from 10 to 80° (0.02o/step,
0.33 s/step).

Fig. 1 X-ray diffraction of
cold-rolling sludge
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Experiment

Oxidation Roasting

The purpose of oxidation roasting was to transform the chloride into oxide. And
great efforts were devoted to investigating the oxidation process of FeCl2�4H2O [9,
10]. According to their studies, the oxidation of ferrous chloride could take place
above 200 °C, including the hydrolysis of Ferrous chloride forming HCl, the de-
composition of goethite and the oxidation of Ferric chloride forming Cl2. Therefore,
the cold-rolling sludge was roasted at 200, 300, 400 and 500 °C respectively in a
tube furnace with air flow rate of 50 ml/min for two hours.

Reaction of Pure FeCl2�4H2O with Air

The reaction process of pure ferrous chloride was performed in air to study the
dechlorination roasting mechanism. The differences of dechlorination effects
between pure substance and sludge were also investigated. The calcination was
carried out at 500 °C for 2 h. The sample mass was 10 g, and the air flow rate was
50 ml/min. Then the roasting product was subjected to chlorine content determi-
nation and phase analysis.

Results and Discussion

Effect of Roasting Temperature on Cl Removal Rate

The chlorine removal rate at different temperatures (200–500 °C) was plotted in
Fig. 2. It showed that the low reaction rate at the low temperature, resulting a low
Cl removal rate. The Cl removal rate improved gradually along with the roasting
temperature increment, indicating the roasting temperature affects the reaction rate
of compounds. In addition, the higher temperature, the bigger reaction rate and
higher Cl removal rate would be obtained. Specifically, the chlorine removal rate
reached 3.98% at the roasting temperature of 200 °C and 99% at the roasting
temperature of 500 °C. Besides, the chloride compounds with a higher evaporation
gradually ran into the vapour phase and then separating from the cold-rolling sludge
along with a rising of roasting temperature (Fig. 3).
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The Reaction Mechanism of Dechlorination Process

SEM image of the cold-rolling sludge after oxidation roasting at 500 °C for 2 h was
shown in Fig. 4. The spherical particles were Fe2O3 with a radius between 20 and
30 nm. To have a better understanding of dechlorination roasting reaction mech-
anism, the chlorination of pure FeCl2�4H2O was conducted in air. Oxygen in the air
reacts with ferrous chloride to form iron oxide, and there were various side reac-
tions that produce ferric chloride [11, 12], which can be volatilized or oxidized to
form chlorine. In the air, the main phase of the condensation on the tube after
roasting at 500 °C is ferric chloride. In addition, sufficient moisture is essential to
the dechlorination reaction of ferrous chloride. Compared with the residual chlorine
content of the products, it can be found that the residual chlorine content of the
dechlorination product of sludge is much lower than pure ferrous chloride roasting

Fig. 2 Effect of roasting
temperature on the chlorine
removal rate of cold-rolling
sludge

Fig. 3 X-ray diffractions of
the cold-rolling sludge after
oxidation roasting at 200,
300, 400 and 500 °C for 2 h
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product. This is because the presence of goethite in the cold-rolling sludge, which
decomposed at high temperature to produce H2O, directly or indirectly involved in
the dechlorination process.

Based on the preceding analogous experimental results, the main chemical
reactions in the roasting can be summarized as follows:

2FeOOH sð Þ ¼ Fe2O3 sð ÞþH2O gð Þ ð2Þ

4FeCl2 sð ÞþO2 gð Þþ 4H2O lð Þ ¼ 2Fe2O3 sð Þþ 8HCl gð Þ ð3Þ

FeCl2 sð Þþ 1=4O2 gð Þ ¼ 2=3FeCl3 sð Þþ 1=6Fe2O3 sð Þ ð4Þ

FeCl3 sð Þ ¼ FeCl3 gð Þ ð5Þ

FeCl3 sð Þþ 3=4O2 gð Þ ¼ 1=2Fe2O3 sð Þþ 3=2Cl2 gð Þ ð6Þ

Conclusions

The main dechlorination of sludge was derived from the high-temperature
hydrolysis of FeCl2 to form HCl, which will be discharged along with the tail
gas. At the same time, the roasting dechlorination experiments were adopted to
make the halides volatilize from the cold-rolling sludge to the gas phase under
high-temperature conditions and achieved the purpose of dechlorination.
Optimization experiments showed that cold-rolling sludge dechlorination rate could
reach more than 99%. The dechlorination process of cold-rolling sludge at
high-temperature roasting was high efficiency and presented a series of advantages
such as cleaner production, easy operation, short reaction time and so on.

Fig. 4 Micromorphology of
cold-rolling sludge after
oxidation roasting at 500 °C
for 2 h
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Extraction Process of Antimony
from Stibnite by Electrothermal
Volatilization

Dongbo Li and Xiaohua Yang

Abstract A new pyrometallurgical process to extract antimony from stibnite
concentrate was proposed. Thermodynamic analysis of extraction process was
conducted. Based on the thermodynamic analysis, the influence of volatilization
temperature, volatilization time, blowing oxygen, low melting point slagging on the
volatilization rate of antimony and the residual rate of antimony in the slag was
investigated. The results show that high temperature benefits for Sb2S3 and Sb2O3

volatilization reaction and the appropriate temperatures is 1623–1723 K, while
Sb2S3 volatilization trend is stronger than that of Sb2O3 at the same temperature.
While the stibnite concentrated content is 75% (mass fraction, similarly here-
inafter), FeO content is 16%, CaO content is 16%, the volatilization time is 60 min,
the volatilization temperature is 1673 K, low melting point slagging and
non-blowing operation are necessary, the primary volatilization rate of antimony
from stibnite concentrate is 94.78%, the residual rate of antimony from melting
residue is 0.2%, and the effect of volatilization antimony from stibnite concentrate
by electrothermal volatilization is better.

Keywords Electrothermal volatilization � Stibnite � Thermodynamic
Saturated vapour pressure

Introduction

There are two main types of modern antimony production methods—pyrometal-
lurgy and hydrometallurgy [1–3]. At present, the former is the main. The vast
majority of antimony smelting enterprises have been using the traditional blast
furnace volatile–reverberatory furnace reduction process, which is of low envi-
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ronmental protection, high energy consumption, low concentration of SO2 smoke
being difficult to control and high level of antimony in slag. With the continuous
strengthening of China’s environmental pollution supervision, the continuous
improvement of the three waste discharge standards, transformation of smelting
technology and industrial upgrading become a key issue for the survival of anti-
mony enterprises [4].

For the problem of antimony industrial, many researchers have devoted them-
selves to the development of new metallurgical process. The fixed sulphur reduc-
tion smelting process [5–12] was solved effectively the problem of low
concentration SO2 flue gas by fixing the sulphur to the smelting product, which the
sulphur-fixing agents include soda ash, zinc oxide, pyrite cinder, hydrometallurgical
ferric cake, oxidized iron ore or copper oxide. However, there are some problems
such as high soda ash consumption, high cost and complex treatment process of
sulphur fixation products, its industrial applications in the field of antimony
smelting are limited. Leiting et al. [13] used air-volatilized molten pool of
low-grade antimony smelting learn from the technique of fume furnace. Duan [14]
carried out a semi-industrial test for the smelting of oxygen–sulphide concentrate,
and obtained high-quality crude antimony and high concentration of SO2 flue gas,
but the slag contained antimony was high and unstable. It can be seen that the
existing new technology of antimony refining is still difficult to meet the needs of
the process, so the development of new antimony refining technology is still an
urgent need for the development of the industry.

In this paper, the author aimed at the problems existing in the molten pool
volatile melting process, on the basis of theory analysis combined with the melting
process and slag process mineralogy, which explores to reduce the amount of
antimony in slag and the effective ways to improve crude antimony oxide
volatilization rate the author proposed a new technology of antimony smelting—
electrothermal volatilization separating antimony process and achieved good
results. It combines the volatilization smelting and the oxidation smelting in the
electrothermal evaporation stage to form the crude antimony oxide by one step, and
then electrothermally reducing the coarse antimony to the metal antimony, thereby
greatly increasing the concentration of SO2 fume, meeting the acid requirement and
solving the environmental protection problem. The process was significantly
reduced with the amount of flux, which greatly reduced the content of antimony in
slag, and obtained high-quality crude antimony and high direct rate of antimony.
On the basis of thermodynamic analysis, the effects of volatilization temperature,
volatilization time, oxygen blowing operation and low melting point slag system on
antimony volatilization rate and antimony residues in slag were analysed.
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Experimental

Experimental Material

(1) The analysis result of major chemical elements of stibnite concentrate is shown
in Table 1.

(2) The XRD analysis of antimony concentrate is shown in Fig. 1, and the anti-
mony phase analysis is shown in Table 2.

(3) The additives required for this test are haematite, calcium oxide and coke
powder, and the chemical analysis results are listed in Tables 3, 4 and 5.

Testing Device and Analysing Equipment

Intermediate frequency induction heating material used in the experiment, rated
power of 100 kw, realize the control of furnace heating rate by adjusting the current;

Fig. 1 XRD pattern of stibnite concentrate

Table 1 Main chemical element composition of stibnite concentrate (%)

Name Sb S Fe O Si

Content (%) 48.55 15.33 5.14 16.02 9.92
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With silicon carbon crucible (outer) and corundum crucible (inner) combination
form as smelting furnace, the effective size of Ø 200 � 370 mm, for bag filter dust
collecting equipment, bag dust collector front with a settling chamber, after the
cloth bag dust collector is equipped with a suction fan; The tail gas is treated with
limewater.

The analytical instruments include Japanese Neo-TTRIII X-ray diffractometer
for structural analysis and atomic absorption spectrophotometer AA320N for ele-
mental analysis.

Methods of Testing

The effects of volatilization temperature, volatilization time, low melting point slag
system and oxygen blowing operation on antimony volatilization rate and residual
antimony rate of slag were investigated in this paper. The purpose of high efficiency
volatilization of antimony in antimony concentrates was achieved by optimizing
technological parameters. The experimental steps are as follows: (1) according to
certain ratio according to the quality of antimony concentrate, haematite, calcium
oxide and coke powder, will add a small amount of binder after four blending for
granulating, and drying the standby; (2) started a medium frequency induction
furnace, and the program was warmed up to a set of values, and then you add a
mixture of the ingredients, and start the timing reaction; (3) the rising flue was
equipped with the air outlet, and the volatile matter was oxidized by oxygen to the

Table 2 Analysis of antimony phase, silica phase and iron phase in antimony concentrate (%)

Element SiO2 FeS Sb2O3 Sb2S3 Sb2O4

Content (%) 21.26 6.61 3.25 54.31 8.65

Table 3 Chemical composition of haematite (%)

Element SiO2 Fe2O3 CaO Al2O3 MgO

Content (%) 11.31 61.46 12.36 0.50 10.75

Table 4 Chemical composition of calcium oxide (%)

Element SiO2 FeO CaO Al2O3 MgO

Content (%) 2.35 0.93 88.00 1.05 3.02

Table 5 Chemical composition of coke powder (%)

Element C SiO2 FeO CaO Al2O3 MgO

Content (%) 79.91 7.05 1.02 0.33 4.01 0.10
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air to enter the dust collecting device; (4) after the reaction, the crucible was cooled
naturally, and then the reaction products were sampled one by one.

The formula for the calculation formula of antimony volatility and residual
antimony rate of slag is shown in Formulas (1) and (2):

Vr ¼ Mt � Etð Þ � g=Mt ð1Þ

Er ¼ Et=Ms ð2Þ

Type: Vr is the element antimony volatilization rate; Mt is the quality of anti-
mony elements in ores. Et is the quality of antimony elements in slag. η is the
production rate of crude antimony trioxide; Er is the residual antimony rate of slag.
Ms is the quality of slag.

Principle of Test

In the process of vapour oxidation, the main reaction is as shown in Eqs. (3)–(11):

2Sb2S3 þ 9O2 gð Þ ¼ 2Sb2O3 þ 6SO2 gð Þ ð3Þ

2FeS2 ¼ 2FeSþ S2 gð Þ ð4Þ

S2 gð Þþ 2O2 gð Þ ¼ 2SO2 gð Þ ð5Þ

2Sb2O3 þO2 ¼ 2Sb2O4 ð6Þ

Sb2O4 þC gð Þ ¼ Sb2O3 þCO gð Þ ð7Þ

4Sb2O4 þ S2 gð Þ ¼ 4Sb2O3 þ 2SO2 gð Þ ð8Þ

Sb2S3 þ 2Sb2O3 ¼ 6Sbþ 3SO2 ð9Þ

2Sb2S3 þ 3Sb2O4 ¼ 10Sbþ 6SO2 ð10Þ

2Sb2O4 ¼ 2Sb2O3 þO2 ð11Þ

Sb2S3ðsÞ ¼ Sb2S3ðlÞ ð12Þ

Sb2S3ðlÞ ¼ Sb2S3ðgÞ ð13Þ

The saturated vapour pressure of antimony and its sulphide and oxide at different
temperatures are shown in Fig. 2. As can be seen from Fig. 2, as the temperature
increases, the saturated vapour pressure of Sb2S3, Sb2O3 and Sb increases gradu-
ally, and the growth trend of Sb2S3 is the most rapid. When the temperature is
below 1201 K, the saturated vapour pressure of Sb2O3 is slightly greater than Sb2S3
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saturated vapour pressure. In the 1201–1363 K (Sb2S3 boiling point is 1363 K) and
at the same temperature, Sb2S3 saturated vapour pressure of saturated vapour
pressure than Sb2O3 is much larger. In 1273–1698 K (Sb2O3 boiling point is
1698 K) and at the same temperature, Sb2O3 saturation vapour pressure is far
bigger than Sb.

When the antimonite mixture is added to the crucible to form a liquid melting
pool (temperature greater than 1473 K), on the one hand, the mixture of Sb2S3 and
Sb2O3 rapid evaporation first, followed by Sb2O4 first decomposed into Sb2O3

again volatile (beginning decomposition temperature 1203 K), and other volatile
material is very small. On the other hand, some antimony oxides (Sb2O3 and
Sb2O4) in the mixture were reduced to metallic antimony, accompanied by a small
amount of single sulphur into antimony mattes, which were separated by
volatilization and antimony mattes, and the separation and extraction of antimony in
antimony concentrate were completed.

The structure of molten slag and antimony matte formed by the evaporation
process is shown in Fig. 3.
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Fig. 3 Structure of antimony
matte and slag after the
antimony volatilization
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The XRD of the slag is shown in Fig. 4.
The crystal phase in the XRD test slag is mainly CaS; at the same time, there are

also a large number of amorphous phases in the slag. The chemical analysis results
are shown in Table 6:

Because of the melting point of the slag, the melting point is higher than the
antimony matte, and it is less dense than the antimony matte, which is why the slag
is cooled down, and the slag first solidifies and floats at the top of the antimony.

Typical antimony matte phase composition is as follows (Table 7):
In the antimony matte, the phase consisting of Fe–FeS has low melting point

(1262 K) eutectic, the system to dissolve the low melting point metal antimony and
elemental sulfur, and the whole system with low melting point and specific gravity
is opposite bigger, so the final solidification, and is located in the lower part of slag.
Dissolved metal antimony in antimony matte after converting crude antimony oxide

Fig. 4 XRD pattern of slag

Table 6 Composition of slag (%)

Element SiO2 CaS Al2O3 TFe MgO

Content (%) 57.1 27.0 13.0 0.7 2.1

Table 7 Composition of antimony matte (%)

Name TSb TS Fe FeO FeS

Content (%) 15.7 12.4 32.9 21.4 17.2

Fe—Simple iron; TS—Total Sulfur; TSb—Total antimony
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powder can be obtained directly, and converting process is easy to control higher
yield (for comparison, antimony in antimony matte can think all transformed into
crude antimony oxide powder, loss ignored).

From the above composition, it can be seen that Sb2S3 and Sb2O3 (Sb2O4) in
stibnite concentrate are reduced to antimony mattes in a small amount, and the rest
are volatilized. The slag and antimony sulphide have almost no antimony sulphide
and antimony oxide. The experimental results show that the electrothermal
volatilization process makes antimony in stibnite concentrate to the maximum
degree of volatilization.

Results and Discussion

Analysis of Volatile—Oxidative Thermodynamics in Stibnite
Concentrate

Consult the thermodynamic data manual [15] and refer to the related data [16] for
the thermodynamic analysis of the volatilization process of stibnite concentrate.
Figure 5 shows the relationship between the standard Gibbs free energy and tem-
perature of the chemical equations (3)–(13).

Figure 5 shows that from the thermodynamics point of view, the calculation of
the temperature range, type (4), (9), (10), (11) the standard free energy in 1023,
1543, 1173, 1413 K, changed from positive to negative, thermodynamic trend
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gradually strengthen, and shows that only when the corresponding reaction tem-
perature to their temperature, type (4), (9), (10), (11) to spontaneous. The standard
freedom of formulas (3), (5), (7), (8) and (13) can be negative, indicating that these
five reactions can be spontaneous. With the increase of temperature, (3), (5), (7),
(8), (13) trend of thermodynamic order from large to small is: type (3), (7), (8), (5),
(13), (5) to (6) and the type of thermodynamics trend abate showed that type (5) to
(6) as the exothermic reaction. In formula (12), the standard freedom can be pos-
itive, and the Formula (12) cannot be carried out spontaneously. In conclusion, the
increase in temperature is helpful for the volatilization of Sb2S3 and Sb2O3, and the
volatilization of Sb2S3 is stronger than that of Sb2O3. The volatilization temperature
of 1413 K is more conducive to inhibiting the generation of Sb2O4.

Influence of Volatilization Temperature

According to the results of thermodynamic analysis, it is more conducive to the
volatilization of antimony oxides in high temperature conditions. Influence of
volatilization temperature (1473–1723 K) on antimony volatilization rate (Vr) and
antimony residual rate in slag (Er) was investigated in the case of the ratio of
stibnite concentrate to 75%, ferrous oxide 16%, calcium oxide 9% and volatiliza-
tion time 60 min; the result of which is shown in Fig. 6.

It can be seen from Fig. 6 that, with the increase of temperature, the volatility of
antimony oxide and antimony sulphide in the molten pool gradually increases, and
the trend decreases after 1623 K. The residual rate of antimony in slag decreases
with the increase of temperature. When the temperature is greater than 1623 K, the
trend decreases. The increase in temperature is beneficial for both antimony oxide
and antimony sulphide volatilization, as well as the reduction of the residual rate of
antimony in slag, thus increasing the melting temperature within a range and
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facilitating volatilization. However, considering the comprehensive cost of smelt-
ing, the temperature is suitable for 1623–1723 K.

In stibnite concentrate, the volatilization of antimony is gas–solid reaction, and
the reaction steps are: (1) the solid state containing antimony is diffused outward in
the material; (2) on the gas–solid reaction interface containing antimony phase
stripping; (3) Sb2S3 and Sb2O3 are diffused through the porous product layer to the
surface of the solid reactants. (4) the gas products Sb2S3 and Sb2O3 diffuse through
the gas phase diffusion boundary layer to the gas phase body. It can be seen from
Fig. 6 that, within that range of 1573–1723 K, the volatilization rate of antimony
increases with increasing temperature, is approximately linear, which shows that the
stibnite concentrate volatilization process is diffusion control. Therefore, in order to
reduce the rate of residual antimony in slag, and increase the volatilization rate of
the concentrate, the volatile temperature should be increased as far as possible.

The Influence of Volatile Time

Test in stibnite ratio of 75%, 16% ferrous oxide, calcium oxide is 9%, the evap-
orating temperature is 1673 K condition, volatile test time (30–80 min) on the
volatilization rate of antimony (Vr) and the influence of antimony residual rate in
slag (Er), the results are shown in Fig. 7.

It can be seen from Fig. 7 that, with the increase of volatilization time, antimony
volatilization rate tends to rise and then becomes stable after 60 min. However, the
residual rate of antimony in slag was higher before, and it also tended to be stable
after 60 min. In general, the residual rate of antimony was not very large.

At the beginning of the reaction, the amount of reactants is greater, the reaction
rate is faster, and as the reaction progresses, the stibnite concentrate and the ferrous
oxide are gradually consumed; therefore, at the later stage of the reaction, the
reaction rate is decreased, and the volatility of the antimony and the residual rate of
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antimony in the slag tend to be stable. The volatility of smelting 80 min and the
volatility of 60 min, the volatility of the antimony, and the residual rate of anti-
mony, is a little change, so choosing the right time of evaporation, the antimony
volatilization rate and the residual rate of the antimony in slag, is very important,
and the results show that the time of evaporation is appropriate for 60 min.

Influence of Low Melting Point Slag on the Volatilization
of Antimony

The kinetics conditions for the diffusion of reactants can be enhanced under certain
liquid medium conditions. The experiment selected 75% of antimony concentrate,
16% of ferrous oxide, and 9% of calcium oxide (the volatilization pool is the low
melting point slag system, hereinafter called the molten pool) and the two volatile
conditions of the pure antimony concentrate (not suitable for other additives,
hereinafter referred to as the non-molten pool), and the effects of volatilization time
(30 * 80 min) on antimony volatilization rate (Vr) and antimony residual rate in
slag (Er) were investigated, and the results were shown in Fig. 8.

It can be seen from Fig. 8 that with that increase of volatilization time, both the
molten bath and the non-molten bath have a tendency to increase the volatilization
rate of the smelting process, and the volatilization of the volatilize 60 min is stable,
but the volatilization of the molten pool is much higher than that of the non-potable
bath. The residual rate of antimony in slag was higher before and after 60 min; it
was stable, but the residual rate of antimony was not significant, but the residual
rate of antimony was much lower than that of non-molten pool.

Early reaction, it compared to non-molten pool, the volatilization rate of anti-
mony is higher, antimony residual rate in slag is low, under the condition of molten
pool, this is because at 1673 k, volatile in the molten pool formed into liquid slag
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(slag melting point about 1503 k), and have sufficient heat and good liquidity, there
is a better accelerate the volatilization of antimony, thermodynamics and kinetics
conditions remain the liquid slag, antimony residual rate in slag lower nature; If
don’t make molten pool, antimony oxide and antimony sulfide after evaporation,
evaporation system formed, which is mainly composed of SiO2 slag, containing a
small amount of FeS, sulfur monomer, due to their high SiO2 melting point
(1996 K), evaporation process under solid state, volatile matter diffusion or strip-
ping resistance is big, the final steam down because of the volatiles in the diffusion
and stripping resistance and stopped the volatilization, it is inevitable that antimony
volatilization rate of stibnite concentrate is low and the residual rate of antimony is
higher in solid slag system. Therefore, the ideal volatile effect should be based on
the formation of a low melting point slag system (i.e. molten pool).

The Effect of Oxygen Blast on Antimony Volatilization

The dynamic conditions of the chemical reaction can also be enhanced under
oxygen blowing conditions. Test selection in stibnite ratio of 75%, 16% ferrous
oxide, calcium oxide is 9%, the evaporating temperature is 1673 k and under the
condition of two kinds of the oxygen blast and the non-oxygenation, volatile time
(30–80 min) for antimony volatilization rate (Vr) and the influence of antimony
residual rate in slag (Er); the result is shown in Fig. 9.

It is shown that in the two conditions of oxygen and non-oxygenation, as the
volatile time increases, the volatility of antimony is increasing, and the volatility of
the volatile 60 min is stable. However, the residual rate of antimony in slag was
higher before, and it also tended to be stable after 60 min. In general, the residual
rate of antimony was not very large.
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In the initial stage of reaction, the volatilization reaction under oxygen condition is
higher than that of non-oxygenation condition, so the volatility of antimony is high, and
the residual rate of antimony in slag is relatively low. Following the reaction, the
volatilization trend and the tendency of antimony remained to be basically consistent
after 60 min, but the antimony residual rate in slag under the oxygen blowing condition
was higher, 1.2% at 60 min and 1.0% at 80 min. At the same time, the ratio of
non-oxygenated antimony is to 0.2 and 0.1%, and the ratio of antimony to oxygen is six
to ten times higher. It is shown that the oxygen blowing operation is detrimental to the
reduction of the antimony residue in the molten slag, because the molten pool will
produce the Sb2O4 and FeO as the oxygen blowing operation, which will form the
FeSbO4 at a certain temperature, which is high melting point (* 1346 K), stable and
less volatile, thus remain in the slag, resulting in an increased slag and antimony residue.

On the other hand, under the condition of oxygen blowing, the ratio of antimony
matte to antimony was 6.7%, which was 15.7% when the oxygen was not blown.
This is because the majority of antimony in antimony matte was oxidized to Sb2O3,
and the residual antimony ratio in antimony matte was significantly reduced.
However, whether or not an oxygen blowing operation is performed, the antimony
content of the antimony matte is high and recovery must be carried out.

Trend Analysis of Antimony in Smelting Process

As shown in Fig. 10, the trend analysis of the antimony element in the smelting
process showed that, in the condition of blowing oxygen and not blowing oxygen,
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the amount of antimony in the slag was 0.12% of the total amount of antimony in
the ore, and 5.10% of antimony in the proportion of antimony matte. The pro-
portion of antimony in the antimony smoke was 94.78% (i.e. the volatile ratio of
antimony element in the concentrate was 94.78%, the same as the lower one). In the
oxygen blowing operation, the slag contains antimony ratio of 1.10%, antimony
matte containing 3.10% and antimony smoke with antimony 95.80%.

Under the condition of no oxygen blowing, antimony matte were made by
electrothermal volatilization, and the antimony matte were further recovered by
blowing oxygen. At this time, the amount of antimony in the tail slag was 0.12%,
and the amount of antimony volatilization was 99.88% (for the comparison, the
total conversion of antimony in antimony matte was calculated by the calculation of
crude antimony powder, and the loss was neglected, and the same was the same).
However, the antimony matte produced by volatilization of antimony concentrate in
the oxygen blowing condition still need to be recovered by oxygen volatilization,
and the amount of antimony in the tail slag is 1.1%, and the proportion of antimony
volatiles is only 98.9%.

Conclusion

From the thermodynamic point of view, the temperature rise was helpful to the
volatilization of Sb2S3 and Sb2O3, and at the same temperature, Sb2S3 was more
volatile than Sb2O3. The evaporation temperature was suitable for 1623–1723 K.
Under the conditions of low melting point slag system, non-blowing operation,
volatilization temperature of 1673 K and volatilization time of 60 min, the residual
amount of antimony in the slag was 0.2%, the one-time volatility of antimony is
94.78%, and the effect of antimony volatilization was better in the ore.

Electrothermal volatilization process had opened up a new way to extract anti-
mony from stibnite, which had a good environmental protection compared with that
of traditional blast furnace volatilization and separation antimony technology, and
the gas SO2 concentration was high (can make acid), high yield of antimony
volatilization and wide application prospect.
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Influence Factors Analysis
on Scavenging of Chlorine Impurity
from Crude Titanium Sponge

Liang Li, Fuxing Zhu, Dachun Liu, Kaihua Li, Zhuo Sheng
and Baoqiang Xu

Abstract Titanium is exceptional value to industry, military and consumer
applications due to the attractive combination of properties exhibited by metallic
titanium and its alloys. The Kroll reduction reaction is a complex heterogeneous
exothermic reaction with the possibility of the formation of TiCl2 and TiCl3 as
reaction intermediates. Chlorine impurity has been a significant technical challenge
in titanium production ever since the inception of the Kroll processes themselves. In
this investigation, an attempt was made to check the influence factors of titanium
sponge structure, raw materials, times of distillation and vacuum distillation process
parameters on chorine impurity scavenging. The results indicate that the decrease of
Ti sponge porosity increased the difficulty of chloride impurities removing.
Chlorine content increased rapidly from 0.012 to 0.121% when the system pressure
grew from 0.1 to 12 Pa in the vacuum distillation process. The chlorine content in
titanium sponge was also increased with the increase of NaCl, MgCl2 and CaCl2
impurities in Mg reductant.

Keywords Chlorine impurity � Titanium sponge � Vacuum distillation
Kroll process
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Introduction

Titanium and its alloys are widely used in aerospace, military and other industries
due to the attractive combination of properties, which include excellent good
fatigue resistance, corrosion resistance, a high strength-to-weight ratio and bio-
compatibility [1, 2]. Titanium is also one of the most difficult to extract metals
mainly due to its high chemical reactivity, high melting point (1668 °C) and high
thermodynamic stability of its oxide, TiO2 [3]. Many attempts, such as metal-
lothermic (Mg, Al, Si, etc.), carbothermic and hydrogen reduction of its oxide, have
not been successful as the product had always been contaminated with impurities
[4]. Until 1937, Kroll developed magnesium reduction of titanium tetrachloride
(TiCl4) for producing titanium sponge with high purity. This process has been
widely used over the last 70 years for the commercial production of titanium
extraction [5]. TiCl4 is reduced by magnesium at high temperature in a closed
reactor under an inert gas atmosphere. The reduction reactions are a complex
heterogeneous exothermic reaction with the possibility of the formation of
lower-valence titanium chlorides as reaction intermediates [6]. Some chloride salts’
impurity remains within the sponge mass and must be removed either by evapo-
ration or by leaching. The residual chlorides in titanium sponge cause a variety of
detrimental effects during subsequent processing, such as microinclusions and poor
weldability [7]. So far, vacuum distillation is generally considered to obtain higher
quality titanium sponge. But it is a slower, more costly procedure and
energy-intensive batch process, where MgCl2 and Mg entrapped in the titanium
sponge are vaporized and removed at about 950–1000 °C over several days [8]. An
attempt was made in this study to improve the scavenging efficiency of chlorine
impurity from titanium sponge. Some factors were investigated in an attempt to
check the influence of titanium sponge structure, magnesium raw materials and
vacuum distillation system pressure on scavenging efficiency of chorine impurities.

Experimental Principle and Method

Vacuum distillation always has been used to separate excess Mg, MgCl2, TiCl2 and
TiCl3 in the titanium sponge industrial production process. The fundamental con-
dition to determine whether the separation of impurities in titanium sponge is the
differences of the vapour pressure in the pure state [9] can be calculated with the
Van Laar Equation (1). Meanwhile, the boiling point of Mg and MgCl2 also can be
reduced under vacuum which will enlarge their relative volatility.

lg p0 ¼ AT�1 þB lg T þCT þD ð1Þ
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where p0 is the saturated pressure of pure substances, Pa; A, B, C and D are
evaporation constants, and T is the absolute temperature in K. Table 1 lists the
evaporation constants of main substances in crude titanium sponge [10].

According to the constants in Table 1, the saturated vapour pressures of Mg,
MgCl2, TiCl2 and TiCl3 can be calculated with Eq. (1), and the results are presented
in Fig. 1, respectively. Table 2 lists the relative volatility of Mg and MgCl2 with Ti.

It can be observed in Fig. 1 that the value of lgp0 for MgCl2, TiCl2, TiCl3 and
Mg increases with the rise of temperature. They are positive at the temperature
range of 650–1300 °C. The lgp0 of TiCl2 and TiCl3 is less positive than that of Mg
at the same temperature. In addition, according to Table 2, the saturated vapour
pressure of Mg and MgCl2 is much higher than Ti between 900 and 1000 °C. The
relative volatility of Mg and MgCl2 with Ti is 4.37 � 1012 and 3.12 � 1011 when
temperature is 900 °C. That means the volatilization ability of Mg, MgCl2, TiCl2
and TiCl3 is much stronger than titanium. Similarly, the boiling temperatures of Mg
and MgCl2 can be reduced by the temperature less than 750 °C when system
pressure was less than 100 Pa. And we can expect a better separation between
titanium and Mg, MgCl2, TiCl2 and TiCl3 when vacuum distillation temperature is
controlled between 900 and 1000 °C.

Chlorine impurity in titanium sponge is mainly because of the residue of MgCl2
and the adsorption of chloride ions by titanium sponge surface. Figure 2 shows the

Table 1 Evaporation constant of main substances in crude titanium sponge

A B C D Temperature/°C

Ti −23200 −0.66 —— 13.86 1670–3289

Mg −7550 −1.41 —— 14.915 650–1090

MgCl2 −10,840 −5.03 —— 27.65 714–1418

TiCl2 −9470 —— —— 8.8 680–1300

TiCl3 −9420 −2.52 —— 19.68 25–730
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volatilization velocity of MgCl2 at different pressure. As shown in Fig. 2, it is a
significant rise of MgCl2 volatilization velocity along with system pressure
reduction from 466 to 80 Pa. That means the lower the pressure is, the less MgCl2
residues and less chlorine impurity in titanium sponge.

Experiment materials of crude titanium sponge are from products of Kroll
reduction process. The Ti fraction was around 55–60%, Mg fraction was around
25–30%, and MgCl2 fraction was around 10–15%. In addition, a small amount of
TiCl2 and TiCl3 was detected in the materials.

The distillation device for titanium sponge purification is presented in Fig. 3.
The bottom distillation tank can be used to collect pure titanium sponge after
distillation. And top condensation recovery tank, with outside installed water jacket,
is used to collect Mg and MgCl2 during distillation process. Distillation tank and
condensation recovery tank are connected by the reduction of the tank cap and
centre channel with a magnesium plug. The furnace was heated with heating rate of
5 °C/min to 900–1050 °C during distillation process. After that, titanium sponge
lump was cooled and crushed.

The concentration of chlorine element analysis was performed by ICP-OES
(ICAP6300 The-rom, USA). Morphologies and element content of titanium sponge

Table 2 Relative volatility of Mg and MgCl2 with Ti

Temperature/°C Saturated vapour
pressure
of Mg/Pa

Saturated vapour
pressure of
MgCl2/Pa

Relative
volatility
of Mg/Ti

Relative
volatility of
MgCl2/Ti

900 13,119 937 4.37 � 1012 3.12 � 1011

1000 38,628 3310 2.58 � 1011 2.21 � 1011
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and magnesium were characterized by scanning electron microscope (SEM) and
energy-dispersive spectrometer (EDS) (TM3030Plus, Japan), respectively.

Results and Discussion

Influence of Titanium Sponge Structure

As is well known, the distribution of pore in titanium sponge is non-uniform in
different bulks. It is very difficult to measure the concrete size in the different
titanium sponge bulk. However, from lots of macroscopic and microscopic mea-
surement results, most of the size of pores in regular titanium sponges, which was
list in Fig. 4, was distributed from 30 lm to 1 cm. But for the sintered and hard
titanium sponge that shown in Fig. 5, there was almost no pore or the size of pore
was less than 30 lm, which will prevent the scavenging of chloride impurities.

Figure 6 shows the SEM and EDS images of sintered titanium sponge.

Fig. 3 Reactor for Ti sponge purification
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Fig. 4 SEM image of porous
regular Ti sponge

Fig. 5 Macrophotograph of
sintered Ti sponge

Fig. 6 SEM and EDS of
sintered titanium sponge
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As seen from Fig. 6, there was almost no pore can be detected. Part of
by-products MgCl2 was wrapped in sintered or hard titanium sponge, which will
also hydrolyse in moist air and increase the oxygen content in titanium sponge.
Thus, higher porosity of the titanium sponge is beneficial to the removal of chlorine
impurities, especially for the scavenging of MgCl2.

Influence of Raw Materials

Actual production process indicates that chlorine content of titanium sponge
increases significantly with the increasing chlorine content in raw material of
magnesium reductant. The chlorine content of titanium sponge was increased from
0.045 to 0.065 wt% with the chlorine content of magnesium increased from 0.005
to 0.0075 wt% when the distillation process was conducted at 1000 °C for 157 h
under 2–3 Pa. Figure 7 shows the SEM and EDS results of Mg with high chlorine
impurities which was used in the Kroll process to produce titanium sponge with
0.065wt% chlorine impurity.

As seen in Fig. 7, chloride electrolyte impurities, such as NaCl and CaCl2, were
observed obviously in the case of high chlorine impurities in the magnesium raw
materials. As seen in Fig. 8, the vapour pressures of NaCl and CaCl2 are much
lower than that of MgCl2 [10]. That means NaCl and CaCl2 are more difficult to
vaporize than MgCl2 under the distillation temperature range of 900–1050 °C. Parts
of NaCl and CaCl2 will remain in the titanium. Thus, high pure magnesium is an
important condition to ensure the production of titanium sponge with low chlorine
impurity.

Fig. 7 SEM and EDS of Mg with high Cl impurities

Influence Factors Analysis on Scavenging … 687



Influence of Vacuum Distillation Process System Pressure

Evaporation rate of the chlorine impurity components is determined directly by the
vacuum distillation process system pressure when the distillation temperature is the
constant. The degree of MgCl2 evaporation will impact more on the product quality
of titanium sponge. In order to investigate the influence of the system pressure on
MgCl2 evaporation, vacuum distillation separation experiments of the reduction
products were conducted at different pressure conditions between 0.1 and 12 Pa.
Results of experiments are shown in Fig. 9.

According to Fig. 9, chlorine content increased rapidly from 0.012 to 0.121%
when the system pressure grew from 0.1 to 12 Pa in the vacuum distillation pro-
cess. Titanium sponge with chlorine impurity under 0.06wt% can be obtained under
lower distillation system pressure, especially when the system pressure was less
than 3–4 Pa. The chlorine content in titanium sponge increased quickly when the
system pressure is more than 4 Pa. Therefore, a better system pressure parameters
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should be controlled below 4 Pa at the vacuum distillation process for obtaining
lower chlorine impurity titanium sponge products. The system pressure influence on
the content of chlorine in titanium sponge is outstanding. We can have a rough
estimate of titanium sponge products by knowing the distillation system pressure.

Influence of Twice Vacuum Distillation

The vacuum distillation process of crude titanium sponge will be half-stopping
because of the blockage of the distillation centre channel and the breakage of
resistance wire of electric furnace. In this case of half-stopping furnace, it needs to
conduct the twice vacuum distillation operation. Figure 10 shows the macropho-
tograph of titanium sponge after twice vacuum distillation at 950–1000 °C for
160 h under 4 Pa. As shown in Fig. 10, some undistilled chloride impurities were
observed directly at the bottom of titanium lump. The shrinkage of titanium sponge
was also exacerbated, which delayed the smooth volatilization of chloride
impurities.

The titanium sponge product details of normal and twice vacuum distillation
experiments are summarized in Table 3. It is seen that the chlorine impurity content
in normal once distillation titanium sponge product was much higher than that of
twice distillation titanium sponge. The value of chlorine content in twice distillation
titanium sponge may reach 0.121–0.150%, which would seriously reduce the
quality of titanium sponge. The experiments also verified that the substandard of
titanium sponge increased from 7.69 to 12.17% when the twice distillation process
was conducted. Thus, effective measures for avoiding blockage of the distillation
centre channel and the breakage of resistance wire are needed during the crude
titanium sponge vacuum distillation process.

Fig. 10 Macrophotograph of titanium sponge after twice vacuum distillation. a Bottom of
titanium lump and b top of titanium lump
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Conclusions

The cases studied in this paper show that scavenging of chlorine impurity from
crude titanium sponge was greatly influenced by titanium sponge structure, mag-
nesium raw material, vacuum distillation process parameters and the times of
vacuum distillation of titanium sponge. To this end, higher porosity of the titanium
sponge is beneficial to the removal of chlorine impurities. High pure magnesium
raw material is an important condition to ensure the production of titanium sponge
with low chlorine impurity. Chlorine content increased rapidly from 0.012 to
0.121% when the system pressure grew from 0.1 to 12 Pa in the vacuum distillation
process. Meanwhile, the chlorine impurity content in normal once distillation ti-
tanium sponge product was much higher than that of twice distillation titanium
sponge, and the value of chlorine content in twice distillation titanium sponge may
reach 0.121–0.150%.
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Kinetic Study on Decomposition
and Dissolution of Limestone
in Converter Slag

Haohua Deng, Nan Wang, Min Chen and Guangzong Zhang

Abstract The kinetic behaviour of limestone decomposition and dissolution in
converter slag at temperatures in the range of 1300–1400 °C was studied. The
influence of decomposition reaction on the lime dissolution rate was also investi-
gated. The rate-limiting steps of decomposition and dissolution of limestone in
converter slag were determined on the basis of shrinking core hypothesis. The
experimental results indicate that a mixed controlling mechanism of chemical
reaction and heat conduction through the produced lime layer should be considered
for the limestone decomposition in converter slag. The rate-controlling mechanisms
of the dissolution of produced lime differ during the various sub-processes. In
addition, examination of the lime microstructure at higher slag temperature revealed
that cracks are formed in decomposed lime layer; lime dissolution is promoted by
molten slag and penetrates through these cracks.

Keywords Kinetic behaviour � Limestone decomposition � Dissolution rate
Converter slag

Introduction

Although concerns and debates exist, direct use of limestone to replace lime as
converter slagging flux has been the subject of much attention in recent years [1, 2].
The concerns relate to decomposition and dissolution behaviours of limestone
during the steelmaking process, dissolution rate in converter slag, reasonable
addition amount and proper adding moment. In China, many industrial trials [3–5]
on limestone slagging mode have been conducted in some steel plants with the key
motivation of lower steelmaking cost. Compared with the lime slagging mode,
adding limestone to the converter is thought [6, 7] to be favourable to CO2 emission
reduction by eliminating the calcination process of limestone in shaft or rotary kiln,
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and at the same time, the sensible heat loss of calcined lime could be avoided. In
addition, numerous CO2 bubbles generated from decomposition reaction will stir
the melt bath and promote refining reactions.

Reports, mainly based on the industrial observations, state that the decomposi-
tion reaction in converter would proceed intensively at higher steelmaking tem-
perature and the limestone lump would break down into small particles due to the
higher CO2 partial pressure. Therefore, it is easier for smaller limestone particles to
be heated and undergo a continuous decomposition reaction, and thus, the freshly
decomposed lime particulate would dissolve into molten slag quickly. On the other
hand, the replacement of lime with limestone in converter was not advisable
according to the experimental results at 1600 °C and the decomposition reaction
controlled by heat transfer was thought to proceed slowly, resulting in a much
longer dissolution time [1]. Some researchers express concern about the lower bath
temperature and slagging rate caused by endothermic decomposed reaction [8]. In
the limestone slagging mode, the two reactions for decomposition reaction and
slagging of the decomposed lime would occur simultaneously; thus, decomposition
reaction would have significant influences on the dissolution rate, for example, local
temperature drop in slag bath. Furthermore, microstructure of the decomposed lime
is supposed to be varied under different temperature conditions, which is considered
to affect the dissolution rate greatly.

In the present work, the decomposition and dissolution behaviours of limestone
in converter slag were studied by using the laboratory-scale experiment at 1300–
1400 °C and the effect of slag temperature was investigated. Moreover, the
rate-controlling mechanisms of limestone decomposition and dissolution were
discussed based on the unreacted core model. The aim of the present work is to
secure an improved understanding of the limestone slagging mode during converter
steelmaking process.

Experimental

Limestone lumps were cut into 10 � 10 � 10 mm cubic. Synthetic slag containing
30.0 wt% CaO, 30.0 wt% SiO2 and 40.0 wt% FeOx was prepared in a platinum
crucible by melting the oxide mixture under an argon atmosphere. The synthetic
slag composition was based on the slag formation route with high FeOx content.

A tubular electric furnace with MoSi2 heating elements was employed. The
prepared slag sample was placed in a platinum crucible and charged to the
high-temperature zone of the tube furnace. A PtRh30–PtRh6 thermocouple was
placed at the crucible bottom to measure the slag temperature. A corundum rod with
the rotating speed of 150 rpm was adapted to stir the molten slag continuously.
High-purity argon gas flowed through the reaction chamber at a constant rate
throughout each experiment. After reacting for the required time, the sample was
taken out quickly and quenched in liquid nitrogen. Time and temperature were the
variables—the temperature range of molten slag ranged from 1300 to 1400 °C,
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and the reaction time ranged from 30 to 900 s. The quenched crucible was cut along
the longitudinal axis, embedded in polyester resin, and the cross section of the
sample was grinded and polished. Dimensions of the residual limestone were
measured by light microscope, and the cross section was observed by scanning
electron microscope (SEM) after gold coating. The elemental distribution within
each sample was analysed by energy-dispersive spectrometer (EDS). In addition,
the apparent porosity of the produced lime was determined based on the image
analysis using Image-Pro Plus software.

Results and Discussion

Limestone Decomposition in Converter Slag

The microstructural evolution of the limestone samples decomposing at various slag
temperatures for 180 s is shown in Fig. 1. The apparent porosities of the lime layer
produced at 1300–1400 °C for 180 s were determined by the image analysis
method, and the results indicate that the apparent porosity is about 27.8–30.2% at
1300 °C, while those are approximately 30.9–31.7% at 1350 °C and 31.7–32.6% at
1400 °C.

Fig. 1 SEM images of the cross section of limestone at three temperatures for 180 s
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The decomposition rate of limestone in the converter slag can be described by
the decomposition degree X (%), expressed as in Eq. (1).

X ¼ 100 1� l
l0

� �3
" #

ð1Þ

where l is the side length of undecomposed limestone (m); l0 is the initial side
length of limestone (m).

Figure 2 shows the relationship between the decomposition degree X and
reaction time t at 1300–1400 °C. Slag temperature has an obvious effect on the
decomposition degree of limestone, and the decomposition degree increases with
the slag temperature.

The classical shrinking core model was employed to investigate the kinetics of
limestone decomposition in the slag [9], and the experimental results were so
analysed. In the shrinking core model, it is assumed that the decomposition reaction
initially takes place at the outer surface of the limestone sample, and as the de-
composition reaction proceeds, exterior surface of the sample is covered by a lime
layer and a limestone core remains in the interior region. The overall rate is pre-
sumably determined by the interrelationships among three major rate processes:
heat transfer, mass transfer and interfacial chemical reaction [10]. Under the
assumption of the heat conduction through the lime layer controls the process, a
relationship between the decomposition degree X and reaction time t is expressed
by Eq. (2).

By analysing the experimental data with model fitting method according to
Eq. (2), the plot of 1 − 2/3X − (1 − X) 2/3 and t presents a good linear relationship
with the correlation coefficient R2 over 97.00%, as shown in Fig. 3a. Then, the
effective thermal conductivity of lime layer ke is obtained by the slopes of these
lines.

Fig. 2 Profiles of
decomposition degree at three
temperatures
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1� 3ð1� XÞ2=3 þ 2ð1� XÞ ¼ 24keðTb � TcÞ
DHqCaCO3

l20
t ð2Þ

where t is the reaction time (s), qCaCO3
is the limestone density (mol m−3), ke is the

effective thermal conductivity of lime layer (W m−1 K−1), Tb is the slag tempera-
ture (K), Tc is the reaction surface temperature (K), and DH is the reaction enthalpy
of limestone decomposition (J mol−1).

Furthermore, as for the mass transfer during decomposition process, the fol-
lowing three elementary steps take place in succession: interfacial decomposition
reaction, internal diffusion of CO2 through the lime layer and external mass transfer
of CO2. Since the mass transfer resistance within the external boundary layer can be
negligible, the rate-controlling step could be either the interfacial decomposition
reaction or the internal diffusion.

Under the assumption of the interfacial decomposition reaction controls the
entire process, a relationship between the decomposition degree X and the reaction
time t is expressed by Eq. (3).

1� ð1� XÞ1=3 ¼ 2krðCe � CbÞ
qCaCO3

l0
t ð3Þ

where kr is the chemical reaction rate constant (m s−1), Ce is the equilibrium
concentration of CO2 (mol m−3), and Cb is the bulk concentration of CO2 (mol
m−3); high-purity argon gas was used in the decomposition experiment, so the
partial pressure of CO2 in bulk gas is thought to be zero.

Under the assumption of the internal diffusion controlling process, a relation
between the decomposition degree X and the reaction time t is expressed by Eq. (4).

Fig. 3 Kinetic plots at three temperatures
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1� 3ð1� XÞ2=3 þ 2ð1� XÞ ¼ 24DeðCe � CbÞ
qCaCO3

l20
t ð4Þ

where De is the effective diffusion coefficient (m2 s−1).
The rate-controlling step in the limestone decomposition process within the slag

could be determined by Eqs. (3) and (4). Compared with the internal diffusion
mechanism, the plot of 1 − (1 − X) 1/3 versus t, as shown in Fig. 3b, presents a
better linear relationship with the correlation coefficient R2 over 99.0%, indicating
that the interfacial reaction could be considered as the rate-controlling step. In
addition, the chemical reaction rate constant kr can be obtained from the slopes of
these lines in Fig. 3b.

Based on the above analysis, the decomposition rate of limestone is controlled
by both the heat conduction through the lime layer and interfacial decomposition
reaction. The effective thermal conductivity of lime layer ke and the chemical
reaction rate constant kr are listed in Table 1.

Limestone Dissolution in Converter Slag

According to the kinetic model of limestone decomposition, the complete decom-
position time of the limestone samples at 1300–1400 °C is about 320 s, 240 s and
180 s, respectively. So, the dissolution process of limestone is considered to consist
of two sub-processes. The first sub-process is the coexisting process composed of
limestone decomposition and dissolution of the produced lime, and the second one
is the sole dissolution of lime after the complete decomposition of limestone.

Figure 4 presents the interface region between the slag and the lime produced at
1350 °C for different time. Figure 4a shows the SEM microphotograph of the
interface region at 1300 °C for 30 s; some cracks formed inside the decomposed
lime layer due to a greater pressure gradient are caused probably by CO2 genera-
tion. At higher slag temperature (1300–1400 °C), the greater decomposition rate of
limestone would increase the generation rate of CO2, resulting in a high partial
pressure of CO2 [7, 11]. The formation of these cracks makes it easier for the
molten slag to penetrate into the decomposed lime and promote the dissolution
process, as shown in Fig. 4b.

Dissolution rate of the produced lime in the slag can also be depicted by the
dissolution degree X′ (%), as expressed in Eq. (5).

Table 1 Effective thermal
conductivity of lime layer ke
and chemical reaction rate
constant kr

Slag temperature ( °C) ke (W m−1 K−1) kr (m s−1)

1300 9.20 � 10−2 7.39 � 10−4

1350 1.19 � 10−1 8.04 � 10−4

1400 1.87 � 10−1 8.37 � 10−4
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X 0 ¼ 1� a
a0

� �3

ð5Þ

where a is the side length of undissolved lime (m); a0 is the initial side length of
lime (m).

Figure 5 shows the relationship between the dissolution degree X′ and reaction
time t at 1300–1400 °C. It indicates that the slag temperature has an obvious effect
on the dissolution degree of limestone and the dissolution degree increases with
increasing the slag temperature.

According to the decomposition degree of limestone, the maximum temperature
drop of slag bath can be calculated and the results are shown in Fig. 6. Obvious
temperature drop of slag bath caused by the intensive endothermic decomposition
reaction is noted especially at higher slag temperature, which is considered to lower
the dissolution degree. Therefore, sufficient heat supply to the slag bath is required
for the practical limestone slagging mode.

Fig. 4 SEM images of the lime–slag interface at 1350 °C for different time

Fig. 5 Dissolution degree
curves at three temperatures
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According to the shrinking core model, the dissolution of limestone in the slag is
thought to include two elementary steps, i.e. interfacial chemical reaction of the
decomposed lime (CaO(s) = (CaO)) and mass transport through the boundary layer.

Under the assumption of the interfacial reaction controlling process, a rela-
tionship between the dissolution degree X′ and the reaction time t is expressed as in
Eq. (6).

1� ð1� X 0Þ1=3 ¼ 2kcðC�
CaO � Cb

CaOÞ
qCaOa0

t ð6Þ

where kc is the chemical reaction rate constant (m s−1), C�
CaO is the saturation

concentration of CaO in the slag (mol m−3), and Cb
CaO is the concentration of CaO

in the slag (mol m−3).
Under the assumption that the process is controlled by mass transfer, a rela-

tionship between the dissolution degree X′ and the reaction time t is expressed as in
Eq. (7) [12].

1� ð1� X 0Þ2=3 ¼ 2kDðC�
CaO � Cb

CaOÞ
qCaOa0

t ð7Þ

where kD is the mass transfer rate constant (m s−1).
The kinetic plot during the coexisting process of dissolution at 1300–1400 °C

is shown in Fig. 7. Compared with the kinetic analysis results, the plot of
1 − (1 − X) 1/3 versus t shown in Fig. 7a represents an improved linear relationship
with the correlation coefficient R2 greater than 99.0%, indicating that the interfacial
reaction could be considered as the rate-controlling step in the coexisting process of
dissolution. Furthermore, the chemical reaction rate constant kc can be obtained
from the slopes of these lines in Fig. 7a.

Fig. 6 Maximum
temperature drop of slag bath
at three temperatures
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Figure 8 presents the kinetic analysis results during the sole dissolution process
of the produced lime. It can be noted that the plot of 1 − (1 − X)2/3 versus t, as
shown in Fig. 8b, represents an improved linear relationship with the correlation
coefficient R2 greater than 99.0%, indicating that the mass transfer through
boundary layer could be considered as the rate-controlling step.

Based on the above analysis, during the coexisting process of limestone
decomposition and dissolution of produced lime, the dissolution rate is governed by
the chemical dissolution reaction, and during the sole dissolution process, the mass
transfer through the boundary layer is the rate-controlling step. The chemical
reaction rate constant kc and mass transfer rate constant kD are listed in Table 2.

Fig. 7 Kinetic plot during the coexisting process of dissolution at three temperatures

Fig. 8 Kinetic plot during the sole dissolution process of lime produced at three temperatures

Table 2 Chemical reaction
rate constant kc and mass
transfer rate constant kD

Slag temperature ( °C) kc (m s−1) kD (m s−1)

1300 6.43 � 10−6 2.31 � 10−5

1350 1.10 � 10−5 3.43 � 10−5

1400 3.25 � 10−5 4.69 � 10−5
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Conclusions

Decomposition and dissolution of limestone in converter slag were studied, and the
effect of temperature was examined. The influence of decomposition reaction on the
dissolution rate of the decomposed lime was also investigated. The following
conclusions were drawn.

(1) Kinetic analysis based on shrinking core model shows that the limestone
decomposition in converter slag at 1300–1400 °C involves a combination of
the dissociation reaction rate and heat conduction through the produced lime
layer. Slag temperature has a significant influence on the degree of
decomposition

(2) Apparent porosity of the lime decomposed from limestone in converter slag
increases with increasing the slag temperature in the temperature range of
1300–1400 °C

(3) The temperature drop of slag bath caused by decomposition reaction is con-
sidered to lower the dissolution degree, and sufficient heat supply is required for
a practical limestone slagging mode.

(4) The rate-controlling mechanism of the limestone dissolution process in con-
verter slag at 1300–1400 °C is confirmed, and the corresponding kinetic
parameters are obtained.
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Low-Grade Phosphorus-Containing
Iron Ore for the Removal of Cu(II) Ion
from Wastewater

Xiaoli Yuan, Dongshan Zhou, Wentang Xia and Qingyun Huang

Abstract The possible use of low-grade phosphorus-containing iron ore (LGPIO),
a raw and wasted industrial solid material as an adsorbent to remove Cu(II) ion
from wastewater, was investigated. Studies were carried out as a function of initial
pH value, adsorption time, initial Cu(II) ion concentration, adsorption temperature
and LGPIO dosage. The results show that the Cu(II) ion removal efficiency exceeds
99.65% and Cu(II) ion concentration is less than 0.30 mg/L under the conditions of
pH value 6.1, temperature 25 °C, adsorption time 30 min, initial Cu(II) ion con-
centration 100 mg/L and adsorbent dosage 10 g/L. After Cu(II) ion removal re-
action, the Cu(II) ion concentrations completely accord with the requirement of
national discharge standard of water pollutants for iron and steel industry (GB
13456-2012) (TCu(II) = 0.5 mg/L) in China. Therefore, it can be concluded that
LGPIO is a promising low-cost adsorbent which is suitable for the removal of Cu
(II) ion from wastewater.

Keywords Low grade phosphorus-containing iron ore (LGPIO) � Cu(II) ion
removal � Wastewater � Adsorption

Introduction

Copper is an useful engineering materials which is widely used in several important
alloys, ceramics and pesticides [1]. However, copper becomes one of the most toxic
pollutants released into the environment when its ingestion beyond the permissible
level, which can cause harmful biochemical and many health hazards effect on
human being, such as causing anaemia, stomach and intestinal disorder, kidney and
liver damage[2, 3]. Especially the discharge of Cu(II) ion-containing wastewater
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has caused serious environmental pollution. Therefore, the removal of Cu(II) ion
from wastewater is a very urgent task in the world.

Some techniques including solvent extraction, precipitation, membrane filtration,
evaporation, coagulation, ion exchange and adsorption have been developed for
Cu(II) ion removal from wastewaters at different concentrations [4]. Of all these
methods, adsorption is a quite useful technique to wastewater treatment, especially
for wastewater with relative low Cu(II) concentrations. In recent years, more and
more studies have been focused on seeking out economical and high-affinity
adsorbents including activated carbon, activated alumina, clay minerals, fly ash,
coal, waste wool, peat moss, saw-dust, serpentine mineral and blast-furnace slag
[5–10]. Among these, mineral wastes have been recognized the favourable char-
acteristics of environmental friendliness, chemical stability (low solubility), easy
accessibility and low cost.

Low-grade phosphorus-containing iron ore (LGPIO) is an industrial solid waste,
which comes from mining high phosphorus iron ores. LGPIO is becoming a serious
problem in the world due to the fact that it not only causes landslide and dust
pollution, but occupies the land resources. However, LGPIO contains metal oxides
(haematite), silicate, dolomite and apatite. All of which are the effective ingredient
for Pb(II) ion and phosphate ion removal from wastewater [11, 12].

The aim of this work was to investigate the feasibility of using LGPIO as an
adsorbent for Cu(II) ion removal from wastewater. The effects of initial pH value,
initial Cu(II) concentration, adsorption temperature, particle size, adsorbent dosage
and adsorption time on the Cu(II) ion removal efficiency of LGPIO were studied.

Materials and Methods

Materials

The sample of LGPIO (mass percent, TFe 25.49%, P 1.26%, SiO216.13%, CaO
20.76%, MgO 7.99%, Al2O3 5.55%, MnO 0.36%) used in this research was
obtained from Wushan, Chongqing, China. LGPIO was crushed and screened
to <0.25 mm in particle size before being used.

Experimental Methods

A defined volume of the Cu(II) ion stock solution with a concentration of 1 g
Cu(II)/L was diluted to the initial concentration by adding deionized water. About
100 mL of Cu(II) ion solution was poured into the glass beaker of 200 mL, and its
pH value was adjusted to desired value with HCl or NaOH in moderate doses. Then
the LGPIO was added into the wastewater. The sample was taken out by filtration
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after equilibrium, and the pH of the wastewater was measured by pH meter (Mettler
Toledo). The Cu(II) cation concentrations of all samples including wastewater were
analysed by flame atomic absorption spectrophotometry method (TAS-986, Beijing
Puxi Science and Technology Instrument Co Ltd China).

Results and Discussion

Effect of Initial pH

Figure 1 showed the Cu(II) ion removal efficiency at different initial pH value as
adsorption temperature, the stirring speed, the range of LGPIO particle size, LGPIO
dosage, initial Cu(II) ion concentration, adsorption time were fixed in 25 °C,
250 r/min, <0.25 mm, 10 g/L, 100 mg/L and 30 min, respectively. The data in
Fig. 1 show that the initial pH value is a very important parameter for the removal
of Cu(II) ion from wastewater. With the initial pH value increasing from 2 to 6.1,
the Cu(II) ion removal efficiency increased rapidly from 94.37 to 99.89%, and the
equilibrium decreased from 5.63 to 0.11 mg/L. However, when the initial pH value
ranged from 6.1 to 10, pH value almost had no effect on the Cu(II) ion removal
efficiency, and the Cu(II) removal efficiency kept in above 99%. The maximum
(99.89%) removal of copper was found at pH 6.1. The lower Cu(II) removal
efficiency at low pH (<6.1) can be attributed to the combination of adsorbent with
hydronium ion, which made it protonated and rejected Cu2+ due to the presence
of high content of H+, namely the electron repulsion. At higher pH(>6.1),
the influence of H+ is negligible. The Cu(II) ion may be removed from solution
by precipitation. Similar results have been reported by the adsorption Cu(II) ion
on the fly ash [2].

Fig. 1 Effect of initial pH on
Cu(II) ion efficiency
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Effect of Initial Cu(II) Ion Concentration

Figure 2 is the plot of relationship between residual Cu(II) ion concentration and
the Cu(II) ion removal efficiency on the conditions of reaction temperature 25 °C,
reaction time 30 min, initial pH value 6.1, LGPIO dosage 10 g/L, the range of
LGPIO particle size <0.147 mm. From Fig. 2, when the initial Cu(II) ion con-
centration increased from 50 mg/L to 100 mg/L, the Cu(II) ion removal efficiency
kept in above 99.89%. But, with further increases in the initial Cu(II) ion con-
centration, the Cu(II) ion removal efficiency decreased and the residual Cu(II) ion
concentration increased rapidly. So the appropriate initial Cu(II) ion concentration
is 100 mg/L under the above condition.

Effect of Adsorption Temperature

Figure 3 showed the Cu(II) ion removal efficiencies and residual Cu(II) ion con-
centrations at different adsorption temperatures as initial pH, the stirring speed,
reaction time, LGPIO dosage, the range of LGPIO particle size were fixed to 6.1,
250 r/min, 30 min, 10 g/L, <0.147 mm, respectively. Figure 3 shows that when
reaction temperature was increased from 25 to 60 °C, the Cu(II) removal efficiency
and the residual Cu(II) ion concentration have almost no change. It indicated that
the adsorption temperature almost had no effect on the Cu(II) ion removal effi-
ciency. Considering the factors including Cu(II) removal efficiency and processing
cost, 25 °C would be appropriate for the industrial application.

Fig. 2 Effect of initial Cu(II)
ion concentration on Cu(II)
ion efficiency
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Effect of Particle Size

The effect of particle size on the Cu(II) ion removal efficiency was examined on
the conditions of reaction temperature 25 °C, initial pH value 6, initial Cu(II)
concentration 100 mg/L, stirring speed 250 r/min, LGPIO dosage 10 g/L and
adsorption time 30 min, and the results are presented in Fig. 4. When the particle
size decreased, the Cu(II) ion removal efficiency increased. It is obvious that the Cu
(II) ion removal efficiency increased slightly when the particle size range from
0.147–0.075 to <0.075 mm. Synthetically considering the factors including Cu(II)
removal efficiency, processing cost and the cycle utilization of adsorbent, the range
of LGPIO particle size <0.147 mm would be appropriate for the industrial
application.

Fig. 3 Effect of adsorption
temperature on Cu(II) ion
removal efficiency

Fig. 4 Effect of particle size
on Cu(II) ion removal
efficiency
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Effect of LGPIO Dosage

The plots of Cu(II) ion removal efficiency and Cu(II) ion equilibrium concentration
versus LGPIO dosage were presented in Fig. 5. The experiments were conducted
on the conditions of reaction temperature 25 °C, stirring speed 250 r/min, the range
of LGPIO particle size <0.147 mm, reaction time 30 min and pH value 6.1. From
Fig. 5, the LGPIO dosage notably influenced the process of Cu(II) ion removal
from wastewater. When LGPIO dosage was ranged from 4 to 8 g/L, the Cu(II) ion
removal efficiency increased remarkably with increasing LGPIO dosage. As LGPIO
dosage was 10 g/L, the Cu(II) removal efficiency was above 99.89%. When LGPIO
dosage was further increased, the Cu(II) ion removal efficiency and residual Cu(II)
concentration nearly kept constant.

Fig. 5 Effect of LGPIO
dosage on Cu(II) ion removal
efficiency

Fig. 6 Effect of reaction time
on Cu(II) ion removal
efficiency
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Effect of Adsorption Time

The effect of adsorption time on the Cu(II) ion removal efficiency was examined on
the conditions of adsorption temperature 25 °C , the range of LGPIO particle
size <0.147 mm, stirring speed 250 r/min, LGPIO dosage 10 g/L and initial pH
value 6.1, and the result was shown in Fig. 6. From Fig. 6, when the reaction
proceeded for 30 min, the Cu(II) ion removal efficiency reached above 99.5%. With
the reaction time further increasing, the Cu(II) ion removal efficiency increased
slowly. The results indicated that Cu(II) ion in wastewater was removed by LGPIO
quickly.

Verifying Experiment

In order to further verify the most favourable conditions, the favourable reaction
conditions were determined as follows: pH value 6.1, temperature 25 °C, adsorp-
tion time 30 min, initial Cu(II) ion concentration 100 mg/L, particle size lower than
0.147 mm, adsorbent dosage 10 g/L and stirring speed 250 r/min. Four verifying
experiments were executed under favourable conditions. The experimental results
are showed in Table 1.

From Table 1, the results indicated that these optimal reaction conditions were
credible. The Cu(II) removal efficiencies all exceeded 99.9% in the four verification
experiments, and the Cu(II) concentrations completely accorded with the require-
ment of national discharge standard of water pollutants for iron and steel industry
(GB 13456-2012) (TCu(II) = 0.5 mg/L) in China.

Conclusions

The adsorption experiments results of present work indicate that the low-grade
phosphorus-containing iron ore (LGPIO) has a good performance on Cu(II) ion
removal from wastewater. The optimal experimental parameters were determined as
follows: initial pH value 6.1, temperature 25 °C, reaction time 30 min, the range of

Table 1 Effect of wastewater volume on Cu(II) ion removal

Solution
volume/mL

Residual Cu(II) ion concentration after
adsorption(mg/L)

Cu(II) ion removal
efficiency (%)

100 0.072 99.93

300 0.084 99.92

500 0.0956 99.94

700 0.1032 99.90
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LGPIO particle size <0.147 mm, initial Cu(II) concentration 100 mg/L, adsorbent
dosage 10 g/L and stirring speed 250 r/min. Under the optimal experimental pa-
rameters, the Cu(II) removal efficiency exceeded 99%, and the Cu(II) concentra-
tions of wastewater were lower than 0.5 mg/L, which completely meet the
requirement of national discharge standard of water pollutants for iron and steel
industry (GB 13456-2012) (TCu(II) = 0.5 mg/L) in China. From environmental
and economical concerns, the results show that LGPIO, an industrial solid waste,
could be as a promising adsorbent for Cu(II) ion removal from wastewater.
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Mechanism of the Chlorination Roasting
of Nickel Sulphide Concentrate
with Ammonium Chloride

Xiaoyong Mei, Hongwei Cheng, Cong Xu, Guangshi Li,
Xionggang Lu and Qian Xu

Abstract Nickel resources are mainly in the form of sulphides in China, and
chlorination roasting is one of the most important means of treating nickel sulphide
ore. This paper reports the results of an investigation of the reaction mechanism of
ammonium chloride roasting of flotation concentrate. The effect of roasting tem-
perature on the calcine composition is discussed on the basis of roasting products
analysis by SEM and vibrational spectra. The role of ammonium chloride in the
reaction process was investigated in depth by X-ray micro-area analysis. The results
show that the chlorination of ammonium chloride is achieved through the solid–
solid chlorination and the chlorine-forming reaction, instead of chlorination by HCl
formed by the decomposition of NH4Cl. Metal chlorides and double sulphate salts
are formed during the chlorination roasting process, and the formation of double
salts benefits the thermal stability of the product.

Keywords Sulphide � Roasting � Ammonium chloride � Reaction mechanism

Introduction

Nickel is an important non-ferrous metal element widely used in stainless steel,
alloys, electroplating and other industries. The world’s nickel resources exist
mainly in the form of nickel sulphide or laterite nickel ore. Traditional nickel
sulphide ore processing technology involves complicated processes, low metal
yield due to loss of cobalt and nickel by hydrometallurgy, SO2 flue gas emissions
and other shortcomings [1]. In view of the sharp reduction of the reserves of rich
mineral resources combined with strict concentrate grade and magnesium content
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restrictions in pyrometallurgical processes, a means for efficiently processing of
low-grade complex mixed mines are an urgent necessity.

Chlorination roasting is a promising pretreatment method for ore raw materials
[2]. Solid chlorinating agents such as NaCl and CaCl2 are commonly used in
chlorination roasting. Ammonium chloride, a by-product of the soda ash industry, is
also a good source of chlorine. However, the question of how to use ammonium
chloride efficiently is an important issue that restricts the production of the com-
bined alkali process [3].

At present, chlorination roasting research reported in the literature mainly
focuses on the roasting of oxidized ore. Terakado et al. [4] of Nagoya University in
Japan successfully used ammonium chloride to extract indium from metal sludge.
Researchers at the Tomsk Polytechnic University in Russia studied chlorination
roasting of mixed ores, oxidized ores and sulphides [5, 6]. Bayer et al. [7] compared
the chlorination effects of several solid chlorinating agents on chalcopyrite and
indicated that the reaction temperature of NH4Cl is lower than that of NaCl and
KCl. In fact, the ammonium salt has poor thermal stability and is susceptible to
thermal decomposition. The mechanism of action of ammonium chloride and sul-
phide is more complicated than that of NaCl and CaCl2.

This study employed nickel sulphide flotation concentrate as the research object
and used ammonium chloride as the chlorinating agent to explore the effects of
calcination temperature and chlorinating agent addition on the composition of the
calcined product. Detailed vibrational spectroscopy and micro-area analysis were
carried out to elucidate the calcination reaction mechanism.

Materials and Methods

The concentrate used in the experiment was from Jinchuan Mining Company. The
main components and X-ray diffraction spectra of flotation concentrate are shown in
Fig. 1. The flotation concentrate is mainly composed of pentlandite, chalcopyrite,
pyrrhotite and pyrite, as well as a small amount of magnetite. The concentrate size
is mainly between 10 and 100 lm, and the particle size of less than 74 lm accounts
for about 81 vol.%. The NH4Cl used in the experiment is of analytical grade. For
uniform mixing, the ammonium chloride was ground to 100% passing 0.28 mm.

The chlorination roasting experiment was carried out in a muffle furnace.
Concentrate and ammonium chloride were blended according to a predetermined
mass ratio and mixed evenly in the crucible. When the furnace was raised to the
preset temperature, the crucible was placed in the muffle furnace and calcined for
120 min. The crucible was retrieved after the roasting was complete, and the fur-
nace cooled to room temperature.

The calcine samples were analysed by X-ray diffraction spectroscopy, and the
product microstructure was inspected by scanning electron microscopy. The spectral
structure was analysed by Fourier transform infrared spectroscopy and laser
micro-Raman spectroscopy. The FTIR spectral scanning range was 4000–400 cm−1,
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and the sample was prepared by KBr pelleting. The room temperature Raman spectral
scanning range is 100–800 cm−1 and 100–1800 cm−1, respectively, and the laser
wavelength used is 633 nm.

Results and Discussion

The roasting temperature range was selected in the range of 200–325 °C to reduce
the thermal decomposition loss of ammonium chloride. The X-ray diffraction
pattern of the calcined product at different temperatures is shown in Fig. 2.

The XRD patterns in Fig. 2 that at 200 and 225 °C reveal that the NH4Cl peak is
present, accompanied by a large amount of unreacted sulphide ore. It has been

Fig. 1 X-ray diffraction
spectra and the chemical
analysis of flotation
concentrate

Fig. 2 XRD patterns of
products roasted at various
temperatures: Sa–NH4Cl,
Ha–Fe2O3, Is-(NH4)3Fe
(SO4)3, An–NH4NiCl3,
Ap–(NH4)2CuCl4,
Ao–(NH4)2FeCl5, Sb–NH4Fe
(SO4)2, Nu–(NH4)2Ni2(SO4)3,
Nc–NiCl2, Nt–CuCl
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reported in the literature [7] that NH4Cl and chalcopyrite react at 200 °C, but, in
fact, they did not fully react at 225 °C. The presence of the diffraction peaks of
NH4FeCl3, Fe2O3 and Fe3O4 indicates that the iron in the mineral is preferentially
oxidized and a chlorination reaction occurs. Since FeCl2 is not stable above 200 °C,
the formation of ammonium chloride double salt may improve the stability of
ferrous ammonium chloride.

The main phases in the sample roasted at 250 °C are NH4NiCl3, (NH4)2CuCl4
and (NH4)2FeCl5, as well as (NH4)3Fe(SO4)3, (NH4)2Fe(SO4)2, NH4Fe(SO4)2 and
(NH4)2Ni2(SO4)3. In the samples roasted at temperatures greater than 300 °C,
simple chloride or sulphate salts such as NiCl2, CuCl2, CuCl and FeSO4 replaced
the NH4NiCl3, (NH4)2CuCl4 and (NH4)2FeCl5. The ferrous sulphate double salt is
mainly in the form of (NH4)2Fe(SO4)2 between 250 and 275 °C and decomposes to
(NH4)2Fe2(SO4)3 above 300 °C. The trivalent iron sulphate double salt is mainly in
the form of (NH4)3Fe(SO4)3 between 250 and 275°C. The results also show that the
presence of the double salt phase is beneficial to maintain the stability of chlorides
and sulphates. In addition, whether it is ammonium chloride double salt or sulphate
double salt, its decomposition is carried out step by step [8], mainly to gradually
remove NH4Cl or (NH4)2SO4.

Figure 3 presents an image of the microscopic surface topography of the calcine.
Starting at 225 °C, ore particles attach to the surface of ammonium chloride and
react to form corresponding chlorides and sulphates. The local structure of the
product is so dense that it cannot be distinctly distinguished from the topography.
At 275 and 300 °C, the particles formed tend to be regular and have a certain
geometry. At a roasting temperature of 325 °C, as shown in Fig. 3f, the geometrical
morphology of the surface of the product is destroyed and is porous. Considering
the previous XRD analysis, the decomposition of some double salts and the escape
of gas is suspected.

Next, the influence of the ammonium chloride addition was studied, and the
results are shown in Fig. 4. The concentrate phase composition is almost unchan-
ged when the ammonium chloride is not added. As the amount of ammonium
chloride increases, the chalcopyrite and pentlandite diffraction peak intensities
gradually diminish and completely disappear at 80% ammonium chloride addition,
indicating that the sulphide was substantially reacted. Ammonium chloride addition
was increased until the diffraction peaks of various metal double salts appeared in
the product, including both sulphate and chloride. When the ammonium chloride is
excessive, the diffraction peak of ammonium sulphate appears at the same time. It is
noteworthy that iron oxide and iron sulphate are detected at 50 wt% ammonium
chloride addition, ostensibly due to the preferential oxidation of iron.

Spectral analysis was carried out to further investigate the changes in the
flotation concentrate and ammonium chloride during the roasting process. Figure 5a
is a FTIR chart of calcine produced at different temperatures. The sample shows an
absorption peak of water at 3100–3500 and 1600–1620 cm−1, indicating that the
sample is hygroscopic. The infrared spectra at 200 and 225 °C exhibited NH4

+

stretching vibration peaks at 2812 and 3042 cm−1, which were not observed after
250 °C due to the low intensity. The N–H bond stretching vibration near
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Fig. 3 SEM images of calcine samples produced at various temperatures: a 200 °C, b 225 °C,
c 250 °C, d 275 °C, e 300 °C, f 325 °C

Fig. 4 XRD patterns of
calcine samples produced by
roasting at 250 °C for
120 min with various
additions of NH4Cl
Az–(NH4)2Fe2(SO4)3,
Ae–(NH4)3Fe(SO4)3,
Ac–(NH4)2CuCl4,
Ad–NH4FeCl3, As–(NH4)2
SO4, Ai–(NH4)2NiCl4
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1406 cm−1 has always existed. As the roasting temperature increases, the peak
position shifts towards the high wave number direction and appears broadened,
indicating that the electrostatic interaction of the N–H bond decreases as the tem-
perature increases. This result is consistent with the fact that the ammonium
chloride salt of the metal becomes unstable after the temperature rises. The 1300–
400 cm−1 region in the IR spectrum is the characteristic peak region of sulphate and
the fingerprint region of metal–oxygen bonds. The characteristic peak of sulphate is
clearly observed at 250 °C and gradually disappears after 300 °C. Between 225 and
275 °C, 1261 cm−1 and 1111 cm−1 are two antisymmetric stretching vibration
peaks of m3(SO2�

4 ), 970 cm−1 is the m1 vibrational peak of sulphate, 655 and
599 cm−1 are the m4 bending vibration peak of sulphate [6], and its vibrational peak
of m2 at 450 cm−1. The distribution of peak positions indicates that the two triple
degeneracy modes of sulphate radicals are split due to the decrease in symmetry,
and m3 > m1, m4 > m2, which indicates that the sulphate is mainly dominated by the
C2v configuration in the calcined product [9].

Figure 5b is a Raman diagram of the calcine samples produced at different
temperatures. All bands less than 400 cm−1 are assigned to the internal vibration
mode of the Me–Cl bond and the Fe–O bond [9]. Among them, the strong band at
294 cm−1 is related to the m1 vibration of the Fe–Cl bond, and the two
medium-strength bands at 226 cm−1 and 413 cm−1 are also classified as the
stretching vibration of the Fe–Cl bond. In the Raman spectrum at 200 and 225 °C,
the broadband appearing at 470–498 cm−1 is assigned to the symmetric stretching
mode of the S–S bond of metal sulphide [10]. This band disappeared after 250 °C,
indicating that the sulphide completely reacted, consistent with the results of the
previous XRD analysis. In the Raman spectrum at 250 °C, the vibration mode of
Ni–Cl appears at 134 and 199 cm−1. At 325 °C, the structure of the metal chloride
bond will be destroyed due to poor thermal stability, resulting in a simple chloride,
where 112, 217 and 409 cm−1 are vibrations of the Cu–Cl bond. The band, while at
172 and 266 cm−1, is the vibration mode of NiCl2. The bending vibration of SO2�

4

Fig. 5 Vibrational spectra of products at roasted various temperatures: a FTIR and b Raman
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is 464 cm−1, while the strongest band at 1039 cm−1 belongs to the m1 vibration
mode of sulphate, and the m3 vibration band appears at 1275 cm−1, while 595 and
644 cm−1 are two m4 bands, which also indicate that the sulphate is not a Td point
group in the calcined product, but a less symmetric C2v point group [11, 12]. As for
the m3 band, only one appears, probably because the other band strength is too low
to be observed.

In order to investigate the role of ammonium chloride in the roasting process,
X-ray micro-area analysis was performed on different calcined product layers, and
the results are shown in Fig. 6.

Figure 6a, b is different product layers close to the solid ammonium chloride
particles and away from the solid ammonium chloride particles, respectively.
Among them, the product layer (a) close to the solid ammonium chloride particles is
green and relatively loose, and the main phases are (NH4)2SO4, (NH4)2Ni2(SO4)3,
(NH4)3Fe(SO4)3 and (NH4)2Fe2(SO4)3, mainly composed of sulphate double salt.
The appearance of the ammonium sulphate diffraction peak demonstrated that the
chlorine formation reaction was carried out during the calcination. The product
layer (b) far from the ammonium chloride particles is black red, and the particles are
fine, and the main phase is the formed iron oxide and the unreacted sulphide ore.

Comparison of Fig. 6a, b reveals that direct contact between the concentrate and
the ammonium chloride particles has a great influence on the calcine morphology.
The comparison shows that ammonium sulphate is mainly a by-product of the
chlorine formation reaction, and the formation of metal sulphate double salt may be
related to ammonium sulphate [13]. It is generally believed that sulphate is formed
by direct contact with iron oxide and SO2, O2, etc. [14], but the temperature of
conventional sulfation can reach about 500 °C [15], a temperature much higher
than those evaluated in this research. Moreover, in combination with the blank
calcination experiment, in the case of not adding ammonium chloride in Fig. 4, it
can be concluded that almost all of the sulphide in the concentrate cannot be
directly oxidized by air at the experimental calcination temperature. That is to say,
the formation of iron oxide is not the direct oxidation of iron sulphide in the

Fig. 6 X-ray micro-area analysis of different product layers at 250 °C
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concentrate, but is achieved by oxidation of the chlorination product. According to
the results of the micro-area analysis, the roasting process includes both the chlo-
rination reaction of ammonium chloride in direct solid–solid phase contact with the
sulphide, and the gas–solid phase reaction of ammonium chloride to form chlorine
by the chlorine-forming reaction.

Conclusions

The following conclusions are drawn from the results of this chlorination roast
study:

1. Chlorination of the sulphide ore using ammonium chloride as the chloridizing
agent is not achieved through HCl formed by thermal decomposition of am-
monium chloride; it is the result of the direct contact of solid particles and the
indirect chlorination of chlorine.

2. The reaction products of the roasting of ammonium chloride and sulphide
include chloride and sulphate, not only in the presence of a large number of iron
sulphate double salts of different valence states, but also a small amount of
nickel sulphate double salt. Copper is present in the form of (NH4)2CuCl4.

3. Ammonium chloride or ammonium sulphate can be effectively combined with
metal chlorides to form various forms of soluble double salt compounds, thereby
avoiding the production of metal oxides.
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Numerical Simulation Investigation
on the Flow and Temperature Fields
in Tundish with Gas Injection
into Ladle Shroud

Wang Zhou, Tao Zhang and San-Xing Chen

Abstract Injecting gas into a ladle shroud to produce fine bubbles is an effective
way to promote inclusion removal from molten steel in tundish. The flow and
temperature fields in tundish with gas injection into ladle shroud have been
investigated based on a k-e model, Euler two-phase flow model and population
balance model (PBM), and the relationships between the distribution of bubble
diameter and the conditions of gas injection were investigated. The results indicate
that gas injection into a ladle shroud significantly improves the flow and temper-
ature fields in tundish. However, with the increase of gas flow rate, surface dis-
turbance of the molten steel obviously increases. In addition, bubbles gather near
the exit of shroud with the increase of gas flow rate, which is not conducive to the
collision of bubbles and inclusions. Therefore, the gas flow rates of less than
15.13 m3/h are recommended.

Keywords Numerical simulation � Tundish � Fine bubble � Population balance
model

Introduction

As the last vessel for molten steel before it enters the mould, the tundish plays an
important role in improving the steel purity, especially for the removal of inclusions
[1–3]. It is understood that larger inclusions can be transferred from the steel to the
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overlaying slag film by employing appropriate flow control techniques. However,
smaller inclusions particles are difficult to remove because their transfer velocities
are so slow [4]. Consequently, reducing the number of small inclusions in molten
steel is one of the main objectives in steelmaking.

Gas injection [5–7] is an effective method to promote the removal of inclusions,
especially for those smaller than 50 lm. Inclusion removal by bubble flotation
occurs by two phenomena: adherence of inclusion on the bubble surface [8] and
inclusion capture by the wake of the bubbles [9]. Moreover, fine bubbles performed
better in the removal of inclusions. Evans et al. [10] indicated that bubble diameter
decreases as the fluid turbulence intensity increases. In steel continuous casting, the
strong turbulence intensity can be obtained at both the submerged entry nozzle
(SEN) and the ladle shroud. By comparison, gas injection into the ladle shroud is a
better way to form fine bubbles because the float-out time is sufficient in the
tundish. However, the flow and temperature fields are bound to change with the gas
injection, and these factors directly relate to the quality of molten steel. Hence, an
investigation of the effects of the flow and temperature fields in the tundish with gas
injection into ladle shroud is highly significant.

This work was financially supported by Scientific and Technological Research
Program of Chongqing Municipal Education Commission (Grant No. KJ1601403)
and Chongqing Research Program of Basic Research and Frontier Technology (No.
cstc2017jcyjAX0258).

Mathematical Model

The mathematical model of tundish flow is based on the following assumptions:

(1) molten steel is an incompressible Newtonian fluid.
(2) no slag layer is considered; instead a free surface is assumed.
(3) atmospheric pressure of the liquid surface in the tundish.
(4) bubbles are assumed to have a spherical shape.
(5) initial bubble size is the same as the gas nozzle size.
(6) argon temperature is the same as molten steel prior to injection into the ladle

shroud.
(7) argon behaves as an ideal gas (the ideal gas state equation is satisfied).

Based on this series of assumptions, four governing equations were solved in the
mathematical model: the continuity equation, the momentum equations, the tur-
bulence equation and the energy equation. The collapse and agglomeration of argon
bubbles are simulated via PBM. The interaction between bubbles and molten steel
is simulated via Euler two-phase flow model. Typical non-slipping conditions were
applied to all solid surfaces. A pressure boundary condition is applied at the outlet,
and the pressure at this level is set to be atmospheric.
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Water Model

In order to verify the accuracy, rationality and applicability of the mathematical
model, a water model with a scale of 1:3 was established, and the structure sche-
matic is shown in Fig. 1. The flow field in tundish is displayed by adding a blue ink
tracer in an instant.

Results and Discussion

Fine Bubbles Generation

Effect of Nozzle Size

The effect of nozzle size on fine bubble generation while pouring 85.74 m3/h steel
with a gas flow rate of 21.43 m3/h was investigated. Gas injection into shroud was
examined at five nozzle sizes: 2, 2.5, 3, 3.5 and 4 mm. The computational results
indicate that the formation bubbles are mainly concentrated in the range of
0.25–0.75 mm in diameter, and the ratio of 0.25–0.75 mm fine bubbles is in the
range of 70–80%. According to Wang et al. [11], the physical modelling results
indicate that the formation bubble sizes are less than 0.5 mm with the water flow
rate of 43.2 m3/h and gas flow rate of 4.32 m3/h. The relationship between the ratio
of fine bubbles with diameters from 0.25 to 0.75 mm and nozzle size is shown in

Fig. 1 Structure schematic of
water model
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Fig. 2. The ratio of fine bubbles (0.25–0.75 mm) decreases with increasing nozzle
size. Smaller size nozzle obviously favours fine bubble generation, which is con-
sistent with the study by Zhang et al. [6].

Effect of Gas Flow Rate

The effect of varying gas flow rate on the fine bubble generation using a 3 mm
nozzle while pouring 85.74 m3/h steel was investigated, and the computational
model results are shown in Fig. 3. The ratio of fine bubbles (0.25–0.75 mm)
decreases from 84.51 to 77.46% as the gas flow rate increases from 4.51 to
28.58 m3/h. Low gas flow rate favours fine bubble generation because the number
of bubbles formed per unit time increases with the increase of gas flow rate. Thus,
coalescence and growth of bubbles are more obvious than that in low gas flow rate.

Fig. 2 Relationship between
ratio of fine bubbles (0.25–
0.75 mm) and nozzle size

Fig. 3 Relationship between
ratio of fine bubbles (0.25–
0.75 mm) and gas flow rate

726 W. Zhou et al.



Figure 4a–d shows the distribution of volume fraction of argon bubbles at dif-
ferent gas flow rates. The aggregation extent of bubbles increases sharply with the
increase of gas flow rate, especially when the gas flow rate exceeds 9.53 m3/h. With
increasing gas flow rate, the increase in total volume of formation bubbles per unit
time increases the buoyancy of the gas phase. The impulse generated by buoyancy
greatly reduces the downward momentum of the bubbles, thus the formation
bubbles aggregate around the outlet of shroud, which is not conducive to the
uniform distribution of bubbles.

Fig. 4 Distribution of volume fraction (argon bubbles) with different gas flow rates
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Influence of Gas Injection on Flow Fields in Tundish

The influence of gas injection on the flow field in tundish with a 3 mm nozzle while
pouring 85.74 m3/h steel was investigated.

As shown in Fig. 5a–b, the flow tracks of fluid in tundish were investigated via
mathematical and physical models. There is a short flow in the tundish without gas
injection, and the flow tracks of fluid could be improved by gas injection because
the buoyancy of bubbles can reduce the downward velocity of molten steel and
promote the molten steel to flow upward. Gas injection reduces the short flow,
thereby improving the flow field in the tundish.

With increased gas flow rate, the resulting increase in turbulent kinetic energy
dissipation of molten steel is transformed into the interfacial energy of bubbles.
Comparison of Fig. 6a with Fig. 6b–d shows that the turbulent kinetic energy of
molten steel is lowered by the gas injection, and the maximum of turbulent kinetic
energy without gas injection is larger than five times that with gas injection.
Therefore, gas injection could reduce the erosion of the bottom refractory by molten
steel.

Although gas injection is conductive to improving the flow field in tundish,
Fig. 6b–d show that the turbulent kinetic energy of molten steel surface will be
increased with the increase of gas flow rate. This finding means that the gas flow

Fig. 5 Flow track of fluid in tundish a without gas injection, b gas flow rate: 21.43 m3/h
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rate should be controlled. Combined with the distribution of bubbles in the tundish,
the gas flow rate lower than 15.13 m3/h should yield better results.

Influence of Gas Injection on Temperature Fields in Tundish

The influence of gas injection with a 3 mm nozzle on the temperature field in
tundish while pouring 85.74 m3/h of steel was investigated, and the results are
shown in Fig. 7a–d. The data show that gas injection benefits the uniform of
temperature in the tundish. The minimum temperature of the symmetry face of the
tundish increases from 1818.5 to 1820.51 K with the gas flow rate increase from
4.51 to 15.13 m3/h. This increase results from the fact that the stir of bubbles

Fig. 6 Distribution of turbulent kinetic energy in tundish. Gas flow rates: a 0 m3/h, b 4.51 m3/h,
c 9.53 m3/h, d 15.13 m3/h
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promotes the mass transfer of the molten steel in tundish; moreover, the short flow
can be reduced by gas injection. Hence, another benefit of gas injection is improved
temperature field in the tundish.

Conclusions

In this work, mathematical models have been developed to describe the bubble
formation behaviour, flow field and temperature field in the tundish. The collapse
and agglomeration of argon bubbles were simulated via PBM, and the interaction
between bubbles and molten steel was simulated via Euler two-phase flow model.
The results indicate that small nozzle size and low gas flow rate benefit the for-
mation and distribution of fine bubbles. Gas injection can improve the flow and
temperature fields in the tundish, especially for reduction of short flow and uniform

Fig. 7 Temperature fields in tundish. Gas flow rates: a 0 m3/h, b 4.51 m3/h, c 9.53 m3/h,
d 15.13 m3/h
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of temperature. In order to avoid the increase of surface disturbance of the molten
steel and obtain the uniform distribution of bubbles, the gas flow rate should be
maintained below 15.13 m3/h while pouring 85.74 m3/h of steel.
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Recovery Indium from Indium-Enriched
Cementation and Co-precipitation
Simultaneously Fe-As

Hui Huang, Zhigan Deng, Chang Wei, Xingbin Li, Gang Fan,
Cunxiong Li and Minting Li

Abstract A process for extracting of indium from indium-enriched cementation
produced in zinc hydrometallurgy process was investigated by oxygen pressure
leaching and normal pressure and oxygen-rich leaching. The indium was leached in
sulphuric acid medium, at the same time of iron and arsenic were co-precipitated in
the form of FeAsO4. The conditions of selective leaching were explored in the
presence of oxidant (H2O2). The experimental results indicated that high efficiency
of extracting indium and co-precipitation of iron and arsenic was obtained with the
appropriate operation conditions. Which were determined as the initial sulphuric
acid concentration of 0.26 mol/L, liquid–solid ratio of 10 mL/g, at 80 °C for 6 h.
And in the process controlled the pH between 1.3 and 1.8, the sulphuric acid total
amount of 0.75 mol/L and add H2O2 of 0.6 mL/g. Under the optimum conditions,
the leaching per cent of indium was more than 92%, precipitation per cent of iron
and arsenic was more than 58 and 60%. Compared with traditional methods of
leaching, this process has the characteristics of low acid consumption high leaching
rate of indium and removed simultaneously iron and arsenic.

Keywords Indium � Acid leaching � Co-precipitation � Ferric arsenate

Introduction

Indium is an important rare metal with several applications due to its excellent
physical and chemical properties. It has been widely used in coating, electrical
components and semiconductors, solders and alloys and other research [1–3]. It is
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worth nothing that indium does not occur in the native state and it is a trace element
in some zinc, lead, copper and tin minerals, particularly in sphalerite and marmatite
[4–8]. Indium is recovered upon processing base metal concentrates and it is
recovered mainly as by-product of zinc [9, 10]. The typically traditional process for
extracting indium from indium-enriched cementation includes the following steps:
acid leaching, extraction and stripping, and replacement and electro refining [11].

China is rich of zinc resource, most of which exist in forms of sphalerite of high
iron and indium. The indium-enriched cementation was got from the zinc
hydrometallurgy process [12–14]. However, the traditional leaching procedure
presents the character of high content of impurities (Fe and As) and low leaching
rate of indium. To address the problem, the effects of reaction time, pressure, final
pH in the presence of oxidant on indium leaching were studied in this work.

Experimental

Materials

The indium-enriched cementation was got from a zinc production plant in
Wenshan, Yunnan and China, which was obtained by indium precipitation. The
indium-enriched cementation was dried to a constant weight at 60 °C for 24 h. The
samples were ground and sieved to an average particle size of 75 lm was used for
further studies. The chemical components of cementation are given in Table 1.
X-ray diffraction (XRD, Rigaku model D/max-2500) result is shown in Fig. 1. The
composition of the cementation is very complex, including Cu2O, FeO,
ZnSO4∙7H2O and Cu2In. And including maybe In(OH)3, Cu3As, which are
cementation and have no diffraction peak in Fig. 1. Using the hydrogen peroxide
(30% H2O2, analytical grade) as the oxidant.

Experiment Principle

The indium, zinc, copper and others were dissolved from the indium-enriched
cementation with the sulphuric acid media under oxidizing condition. Indium
leaching was performed by controlling the acid concentration, at the same time, iron
and arsenic co-precipitation in the form of FeAsO4. The reactions as follow shown:

Table 1 Main chemical components of indium-enriched cementation (mass fraction, %)

In Zn Cu Fe As SiO2 F Cl Al

2.26 10.25 6.39 11.38 4.23 17.39 0.11 0.32 8.32
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FeO + H2SO4 ! FeSO4 + H2O ð1Þ

2In(OH)3 + 3H2SO4 ! In2 SO4ð Þ3 + 6H2O ð2Þ

Cu2O + 2H2SO4 + H2O2 ! 2CuSO4 + 3H2O ð3Þ

FeSO4 + Cu3As + 2H2SO4 + 6H2O2 ! FeAsO4 � 2H2O
# + 3CuSO4 + 6H2O ð4Þ

Method

Acidic leaching was performed using sulphuric acid solution, according to the
liquid–solid ratio of 10 mL/g at the stirring velocity of 500 r/min with oxidant, the
effect of reaction time, pressure, acid concentration and reaction temperature on the
leaching were examined. The oxidative pressure leaching tests were performed in a
0.5 L autoclave (GS-0.5) with TA2 lining, equipped with PID temperature con-
troller, a heating mantle and a variable speed stirrer. The atmospheric pressure
leaching experiments were carried out in a 500 mL three-neck flask immersed in
thermostatically controlled water bath, equipped with a condenser pipe, mechanical
stirrer and thermometer.

After reaching the reaction time, the slurry was filtered and the residue was
washed adequately with acid water (pH at 1–1.5, Shanghai INESA Scientific
Instrument Co., Ltd. PHSJ-5 PH Meter). Iron, zinc, indium and arsenic in the
experimental samples were analyzed by means of the oxidation–reduction titration
and atomic absorption spectrum.
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Fig. 1 X-ray diffraction
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Results and Discussion

Effect of Pressure

The oxidative pressure leaching was carried out at 4 h, 130 °C, liquid–solid ratio of
10 mL/g, the stirring velocity of 500 r/min, the partial pressure of oxygen at
0.7 MPa with the initial sulphuric acid concentration of 0.26, 0.36, 0.46 and
0.51 mol/L. The results are shown in Figs. 2 and 3.

It is shown in Fig. 2 that the leaching rate of Zn and Cu is increased with
increasing initial H2SO4 concentration. For the indium leaching, the leaching rate is
increased at first, and then decreased with increasing initial H2SO4 concentration. In
Fig. 3, it is shown that the precipitation rate of Fe, As and SiO2 is decreased with
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increasing initial H2SO4 concentration. However, the leaching rate of indium
cannot achieve the desired effect in the oxidative pressure leaching.

So, the further experiments are conducted in the atmospheric pressure under the
conditions as follows. The leaching temperature is 80 °C, liquid–solid ratio of
10 mL/g, the stirring velocity of 500 r/min, reaction time is 4 h, H2O2 dosage of
0.6 mL/g with the initial sulphuric acid concentration of 0.51 mol/L. The results are
shown in Table 2.

By contrast Table 2, Figs. 2 and 3 show that the leaching of Zn, Cu and In is
more efficiency in the atmospheric leaching than the oxidative pressure leaching.
There is little difference between the atmospheric leaching and oxidative pressure
leaching for the precipitation rate of Fe, As and SiO2. Therefore, atmospheric
leaching is chosen for the recovery of indium and Fe–As co-precipitation.

Effect of Reaction Time

In the atmospheric conditions at 80 °C, liquid–solid ratio of 10 mL/g, the stirring
velocity of 500 r/min, H2O2 dosage of 0.6 mL/g with the initial sulphuric acid
concentration of 0.51 mol/L, the effect of reaction time(4 and 6 h) on the leaching
is conducted. After reaction 6 h, the leaching rate of indium reached 70.38%; it is
more than 4 h (62.57%).

Effect of Final pH

In the atmospheric conditions at 80 °C, reaction time 6 h, liquid–solid ratio of
10 mL/g, the stirring velocity of 500 r/min, H2O2 dosage of 0.6 mL/g with the
initial sulphuric acid concentration of 0.26 mol/L, the effect of final pH on the
leaching is conducted. During the experiment, the pH of slurry was controlled to
0.8–2.4 using sulphuric acid. The results are shown in Figs. 4 and 5.

It is shown in Figs. 4 and 5 that the leaching rate of indium is decreased, but the
precipitation rate of Fe, As and SiO2 is increased with the rising of final pH in
slurry. In order to obtain a high leaching rate of indium and appropriate precipi-
tation rate of Fe, As and SiO2, the better final pH of slurry is 1.4. Under these
conditions, the total amount of acid is 0.75 mol/L, X-ray diffraction (XRD, Rigaku
model D/max-2500) for residue and the result shown in Fig. 6. Compared with
another acid leaching process [15–18], this process has the characteristics of low

Table 2 Atmospheric
leaching results

Leaching rate (%) Precipitation rate (%)

Zn Cu In Fe As SiO2

97.6 96.6 62.57 65.79 84.44 82.19
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acid consumption and high leaching rate of indium, at the same time, iron and
arsenic co-precipitation in the form of FeAsO4.

Conclusions

(1) Compared with traditional hydrometallurgical process of indium, by controlling
the final pH of slurry, the new process can achieve low acid consumption and
high leaching rate of indium, and the co-precipitation of Fe-As.

(2) The optimum conditions of atmospheric leaching are initial concentration of
sulphuric acid 0.26 mol/L, controlled the final pH of slurry about 1.4, at 80 °C
for 6 h, liquid–solid ratio 10 mL/g, the total amount of acid 0.75 mol/L and
H2O2 dosage of 0.6 mL/g. Under these conditions, the leaching rate of indium
is more than 92%, precipitation rate of iron and arsenic was more than 58 and
60%.
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Research on Comprehensive Recovery
and Harmless Treatment Process
of Copper Smelting Slag

Dongbo Li, Yaguang Guo, Shuaibiao Liang and Deng Ma

Abstract Taking copper smelting slag as raw material, and anthracite and quartzite
as additives, the research on comprehensive recovery and harmless treatment of
copper smelting slag is carried out by using a 120 kW submerged arc furnace.
Theoretical analysis shows that when the temperature is increased from 1200 to
1450 °C, the slag viscosity decreases from 0.283 Pa s to 0.033 Pa s. In the range of
1300–1450 °C, selective reduction can be used to comprehensively recover Cu, Pb,
Zn, Sb and other valuable metals in the slag and deeply remove arsenic(As) from
the slag. The reduction ability of C is better than that of CO. The results show that
addition of quartz can effectively reduce the copper content in the final slag. Under
the conditions of holding temperature, quartz content, anthracite content and
holding time, 1450 °C, 5%, 10% and 120 min, respectively, Zn volatilizes and gets
oxidized, in the same time Cu settles and gets enriched in matte, and the contents of
Cu, Pb, Zn, Sb and As in the final slag are reduced to 0.31, 0.043, 0.12, 0.0045 and
0.0014%, respectively. The copper in the final slag mainly exists as sulphide
droplets, and arsenic in copper matte is mainly distributed in the region where
metallic iron exists.

Keywords Copper smelting slag � Comprehensive recovery � Harmless treatment
Pilot experiment

At present, two processes mainly used for treating copper smelting slag are slag
flotation process and electric furnace cleaning process [1–3]. The traditional electric
furnace cleaning process, with low recovery rate of copper (about 0.7–1.0% copper
content in waste slag) [4], has been less used and the flotation process [5, 6] is
widely used in production, because it can deeply recover copper from slag (about
0.3–0.4% copper content in waste slag). However, the flotation process has defects
of long flowsheet, large capital construction and big investment [7, 8]. With the
increasing complexity of copper smelting raw materials and the increasing smelting
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intensity, the contents of Zn, Pb, Sb and other valuable metals in the raw materials
are increased [9–12]. In fact, most of the above elements are oxidized and get into
slag phase and harmful substances contained in the raw material such as As are also
enriched in copper slag under the high oxygen potential conditions [13]. It is
possible neither to recover valuable metals such as Zn in the slag, resulting in waste
of resources, nor to remove harmful substances such as arsenic in the slag, resulting
in secondary pollution hazards from storage of tailings in the slag beneficiation
process [14–16]. In order to solve the technical issues arising from recovery of
valuable metal elements and remove harmful elements in copper smelting slag, the
authors put forward a new technique for comprehensive recovery of copper
smelting slag—CR (comprehensive recovery) technology—carry out a series of
experiments. The new technology consists of a special furnace—CR furnace—and
a relatively high-temperature process. This paper mainly introduces result of the
pilot-scale experiment.

Experimental Scheme and Theoretical Analysis

Experimental Materials

The experimental materials are copper smelting slag and additives, among which
the copper smelting slag is produced by oxygen bottom-blown smelting furnace in a
Chinese company, and its composition is shown in Table 1.

The microstructure of copper smelting slag was analysed by scanning electron
microscope, as shown in Figs. 1 and 2. The results of electron probe microanalysis
of the marked points in Fig. 1 are shown in Tables 2 and 3. The results of electron
probe microanalysis are contents of a single element and a high-valence oxide of a
single element, which correspond to slag phase and matte/metal phase, respectively.
It is shown from element’s surface scanning analysis that Cu and S are basically
distributed in the same area. Pb and Zn contents are higher at the position where S
content is higher, so this position is presumed to be Pb–Zn sulphide. Zn in slag
phase is dispersed, and Zn content is higher in the region where Si content is higher.
Part of Sb exists in the Cu–S phase, and Sb in the slag phase is enriched in the
region where Si content is high. It is shown from electron probe microanalysis that
point 1 and point 2 in Fig. 1 are an iron oxide-rich region and a fayalite phase-rich
region, respectively. Point 3 represents a copper matte region with Cu and S
contents being 73.25 and 23.28%, respectively, and the main component at point 4
is the metallic elemental antimony.

Table 1 Chemical composition of copper smelting slag, %

Cu Fe Pb Zn Sb S As Al2O3 CaO MgO SiO2

4.55 42.11 0.89 3.44 0.95 2.55 0.44 3.18 1.96 2.09 22.66
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The Analysis and Testing Center of Changsha Research Institute of Mining and
Metallurgy was commissioned to analyse the phase partition of the main metal
elements in the copper smelting slag, and the results are shown in Tables 4, 5, 6, 7,
8 and 9. It can be seen from Table 4 that the copper in the slag mainly exists in
sulphide phase and metal phase, which will be recycled through settling separation.
It can be seen from Table 5 that the zinc in the slag mainly exists in zinc ferrite

Fig. 1 Microstructure of
copper smelting slag (�200
times)

Fig. 2 Analysis of element
surface scanning shown in
Fig. 1

Table 2 Composition analysis of points 1–2 by electron microprobe in Fig. 1, %

No. MgO Al2O3 SiO2 TiO2 MnO Fe2O3 ZnO CaO

1 0.26 1.42 0.35 0.85 0.39 93.94 2.79

2 2.09 30.14 1.22 62.1 4.11 0.33

Table 3 Composition analysis of points 3–4 by electron microprobe in Fig. 1, %

No. S Fe Cu As Sb Pt Pb Bi

3 23.28 3.46 73.25

4 0.44 2.16 3.46 88.3 3.14 1.31 1.19
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phase and zinc silicate phase, which will be recycled by deep reduction and
volatilization.

Anthracite and quartzite are used as additives in the experiments, of which the
compositions are shown in Tables 10 and 11, respectively.

Table 4 Copper phase partition, %

Metallic copper Copper in copper oxide Copper in copper sulphide Others Total

0.8 0.1 3.53 0.12 4.55

Table 5 Zinc phase partition, %

Zinc in zinc
oxide

Zinc in zinc
sulphate

Zinc in zinc
sulphide

Zinc in zinc
silicate

Zinc in zinc
ferrite

Total

0.028 0.023 0.51 1.25 1.61 3.44

Table 6 Lead phase partition, wt%

Lead in lead
oxide

Lead in lead
sulphate

Lead in lead
sulphide

Lead in lead
jarosite

Total

0.16 0.023 0.64 0.066 0.89

Table 7 Iron phase partition, %

Metallic
iron

Iron in
iron
sulphide

Iron in
ferrous
oxide

Iron in
ferric
oxide

Iron in
magnetic
iron

Other
insoluble
iron

Total

2.14 1.52 14.73 1.55 19.53 2.64 42.11

Table 8 Antimony phase partition, %

Metallic
antimony

Antimony in
antimony sulphide

Antimony in
antimony trioxide

Antimony in other
metal solid solutions

Total

0.06 0.04 0.18 0.64 0.95

Table 9 Arsenic phase partition, %

Arsenic in
arsenic oxide

Arsenic in arsenic
sulphide

Arsenic in
arsenate

Arsenopyrite and metal-
coated arsenic

Total

0.003 0.024 0.133 0.280 0.440
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Experimental Apparatus

The experiment was carried out by using a 120 kW submerged arc furnace, and the
experimental apparatus is shown in Fig. 3.

The experimental steps are as follows:

1. Start the submerged arc furnace, feed copper smelting slag to the furnace,
and melt the slag.

2. When the copper smelting slag was completely melted, takes out samples,
measures the temperature, adds additives, starts the time and keeps
experimental temperature constant. In the holding process, take samples
and measure the temperature every 20 min.

Fig. 3 Experimental apparatus. a: Feeding system; b: electric furnace system; c: dust collection
and desulphurization system; and d: ladle

Table 10 Anthracite composition, %

Fixed carbon Ash Volatile

75.86 16.16 7.98

Table 11 Quartzitecomposition, %

SiO2 CaO Al2O3 MgO Fe

96.83 0.08 0.95 0.016 0.079
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3. After reaching the preset holding time, cut off the power to shut down the
furnace. Put the products into the ladle through the discharge port at the
bottom of the furnace body to cool down. Finally, sample the final slag and
copper matte for chemical analysis by the Analysis and Testing Center of
Changsha Research Institute of Mining and Metallurgy when the products
are cooled to room temperature.

Theoretical Analysis

The objective of this study was to recover valuable metals from the copper smelting
slag and realize harmless treatment of the slag, of which the key points are the
recovery of copper by matte settling and the recovery of zinc by volatilization.

Two main factors affecting the settling and separation of matte are:
(a) viscosity of molten slag and (b) interfacial tension between copper matte and

slag.
The two main factors affecting the recovery of zinc in slag are:
(a) Types of reducing agents and (b) temperature.
Based on the above theory, the reaction thermodynamics and viscosity of copper

smelting slag were analysed.
The mixed viscosity of copper smelting slag was calculated using modules

Equilib and Viscosity in the FactSage thermodynamic calculation software.
Figure 4 shows that the viscosity of the raw slag is 0.283 Pa s at 1200 °C and
0.033 Pa s at 1450 °C. According to Stokes formula (Formula 1), lowering vis-
cosity can reduce the resistance force of matte settling and increase the settling
speed of matte in slag, thus facilitating the settling of matte droplets in the slag.

Fig. 4 Viscosity of copper smelting slag
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v¼ 2r2gðq0 � q1Þ
9ls

ð1Þ

where

r Metal droplet radius (m)
q1 Molten slag density (kg/m3)
q0 Copper matte (metal) droplet density (kg/m3)
g Gravity acceleration (9.8 N/kg)
ls Molten slag viscosity (Pa s)
v Metal droplet speed (m/s).

Increasing either the temperature or the SiO2 content in slag can increase the
interfacial tension between copper smelting slag and matte, promoting the sepa-
ration of slag and matte and facilitating the settling separation of matte droplets
[17]. Moreover, the increase of SiO2 content in molten slag results in the conversion
of siloxane polymerization anions to make up the molten slag to a more complex
structure, and thus increases the radius or chain length of the polymerization anions,
thereby leading to an increase in molten slag volume and a decrease in density,
which can promote the settling of copper matte.

The Gibbs free energy of reduction reaction of the main metal oxides in the slag
by C was calculated using the module reaction of FactSage software, as shown in
Fig. 5. As can be seen from Fig. 5, the reduction temperature and reduction
potential required for Cu2O, PbO and PbSiO3 to be reduced by carbon are relatively
low, but the initial reduction temperature of ZnFe2O4 is high. When the temperature
rises above 1300 °C, the sequence of main oxides with Gibbs free energy of C
reduction reaction from low to high is as follows: Cu2O, CuFe2O4, PbO, PbSiO3,
As2O3, Sb2O3, ZnFe2O4, Fe3O4, ZnO, Zn2SiO4, FeO and Fe2SiO4.

Fig. 5 Gibbs free energy of C reduction reaction of valuable metal oxides in copper smelting slag
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At the same time, the Gibbs free energy of CO reduction reaction of the main
oxides in the slag is calculated and listed in Fig. 6. As can be seen from Fig. 6,
when the temperature exceeds 1300 °C, the sequence of main oxides in the slag
with the Gibbs free energy of CO reduction reaction from low to high is as follows:
Cu2O, CuFe2O4, PbO, PbSiO3, As2O3, Sb2O3, ZnFe2O4, Fe3O4, ZnO and Zn2SiO4.
However, the FeO and Fe2SiO4 cannot be reduced.

It can be deduced by comparing the Gibbs free energy calculation results of the
reduction of main metal oxides in the copper slag by C and CO that the reduction
potential of C is better than that of CO at 1300–1450 °C.

Experimental Scheme

Based on the results of theoretical analysis, the influence of temperature and the
contents of anthracite and quartzite on comprehensive recovery of copper smelting

Table 12 Experimental materials and conditions of each heat

No. Copper smelting
slag (kg)

Anthracite
(kg)

SiO2

(kg)
Holding
temperature (°C)

Holding time
(min)

1 300 30 0 1250 120

2 300 30 0 1350 120

3 300 30 0 1450 120

4 300 30 15 1450 120

5 300 15 15 1450 120

Note During the temperature-holding process, the operating parameters are adjusted by
temperature measurements, and the temperature is controlled at ±25 °C

Fig. 6 Gibbs free energy of CO reduction reaction of valuable metal oxides in copper smelting
slag
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slag was investigated. The experimental materials and conditions of each heat are
shown in Table 12.

Experimental Results and Analysis

Experimental Results

Using the experimental apparatus shown in Fig. 3 and the above experimental
methods, the experiment was carried out according to the experimental scheme
shown in Table 12. The compositions of the final slag and copper matte obtained
from the experiment are shown in Tables 13 and 14. From Table 13, it can be seen
that the contents of Cu, Pb, Zn and Sb in the final slag of the fourth heat are all
reduced to the lowest, i.e. 0.31, 0.043, 0.12 and 0.0045%, respectively.

Discussion on Chemical Analysis of Experimental Products

In order to make a detailed analysis on the experimental results, the samples taken
during the experiment were analysed chemically and the variation trend of each
element’s content during the experiments was summarized.

Table 13 Composition of final slag, %

Heat Cu Pb Zn Sb As

1 0.69 0.17 0.85 0.011

2 0.51 0.11 0.42 0.0080

3 0.45 0.051 0.082 0.0054 0.0025

4 0.31 0.043 0.12 0.0045 0.0014

5 0.35 0.046 0.16 0.0050 0.0032

Table 14 Composition of copper matte, %

Heat Cu Pb Zn Sb As

1 52.38 3.01 0.13 7.32

2 38.41 2.43 0.098 5.89

3 27.32 1.65 0.064 4.81 1.43

4 28.13 1.54 0.055 4.01 1.39

5 30.97 1.72 0.061 4.43 1.52
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Analysis on Change of Cu Content in Slag

Figure 7 shows the variation trend of copper content in slag with smelting time
under different experimental schemes. It can be seen from the figure that the copper
content in the slag decreases from 4.55% to less than 2.0% after the slag is com-
pletely melted and the copper content in slag gradually decreases with the settle-
ment of copper matte inclusions and the reduction and settlement of copper oxides
during the temperature-holding process. Upon completion of the experiment, the
copper content in the final slag of each heat can be reduced to less than 0.7%.

Holding temperature, contents of anthracite and quartz in raw material can all
have an effect on the copper content in the final slag. It is deduced by comparing the
results of three heats numbered from 1 to 3 that copper content in the final slag
decreases from 0.69 to 0.45% when the holding temperature rises from 1200 to
1450 °C, which is attributed to the fact that the slag viscosity decreases from
0.283 Pa s to 0.033 Pa s.

It is concluded by comparing the results of third heats with fourth heats that
copper content in the final slag decreases from 0.45 to 0.31% after addition of 5 wt
% quartzite, which is attributed to the fact that the addition of quartzite not only
increases the interfacial tension between copper smelting slag and matte but also
promotes the conversion of silicon and oxygen polymerization anions in slag to a
more complex structure.

It is deduced by comparing the results of fourth heats with fifth heats that copper
content in the final slag increases from 0.31 to 0.35% when the anthracite content
decreases from 10 to 5%, which is mainly attributed to the fact that increase of
carbon amount leads to reduction of a large number of iron oxides and larger
density difference between matte and slag.

Fig. 7 Relationship between Cu content in slag and smelting time in different heats
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Analysis on Change of Zn Content in Slag

Figure 8 shows the change trend of Zn content in slag with smelting time under
different experimental schemes. As can be seen from the figure, the zinc content in
the slag is reduced from 3.44% to about 3.3%, during the temperature-holding
process after the slag is completely melted and gradually decreased during the
holding heat-preserved process. After the experiment, the zinc content in the final
slag per heat can be reduced to less than 1%.

The holding temperature and amount of anthracite and quartz can all have an
effect on the zinc content in the final slag. It is deduced by comparing the results of
three heats numbered from 1 to 3 that Zn content in the final slag decreases from
0.85 to 0.082% when the holding temperature rises from 1200 to 1450 °C, which is
mainly attributed to the fact that higher temperature brings to better reducibility of
zinc oxide. It is seen by comparing the experimental results of the 3rd and 4th heats
that Zn content in final slag increases from 0.082 to 0.12% after the addition of
quartzite into the copper smelting slag, which is mainly due to the fact that addition
of quartzite leads to the generation of ZnSiO3 which is difficult to be reduced. By
comparing the experimental results of the 4th and 5th heats, it can be seen that when
anthracite content is reduced from 10 to 5%, the zinc content in final slag is
increased from 0.12 to 0.16%. This is mainly due to the fact that reduction and
volatilization of Zn oxides is more difficult because of the decrease of anthracite
addition at the late stage of the reaction when the zinc oxide content and activity are
lower.

Analysis on Change of Pb Content in Slag

Figure 9 shows change of Pb content in slag with smelting time under different
experimental schemes. It can be seen from the figure that, Pb content in the slag

Fig. 8 Relationship between
Zn content in slag and
smelting time in different
heats
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decreases from 0.89% to about 0.8% after the slag is completely melted and
gradually decreases with the settlement of lead sulphide and the reduction and
volatilization of lead oxide during the temperature-holding process. At the end of
experiment, Pb content in the final slag per heat can be reduced to less than 0.2%.

It is deduced by comparing the results of three heats numbered from 1 to 3 that
Pb content in the final slag decreases from 0.17 to 0.051%. when the holding
temperature rises from 1200 to 1450 °C. This is mainly because the increase in
temperature results in an increase in reduction of lead oxide and a decrease in slag
viscosity, which is beneficial to the settlement of lead sulphide and the mass transfer
of lead oxide. By comparing the experimental results of the 3rd and 4th heats, it can
be seen that adding 5% quartzite reduces the lead content in the final slag from
0.051 to 0.043%, which is consistent with the variation of matte settlement. Adding
quartzite can increase the interfacial tension between slag and lead sulphide, and it
is beneficial to the settlement of lead sulphide. By comparing the experimental
results of the 4th and 5th heats, it can be seen that when anthracite content is
reduced from 10 to 5%, the lead content in final slag is increased from 0.043 to
0.046%. This is mainly due to the fact that reduction and volatilization of Pb oxides
is more difficult because of the decrease of anthracite addition at the late stage of the
reaction when the lead oxide content and activity are lowered.

Analysis on Change of Sb Content in Slag

Figure 10 shows the change trend of antimony content in slag with smelting time
under different experimental schemes. As can be seen from the figure, Sb content in
the slag decreases from 0.95% to about 0.7% after the slag is completely melted and
gradually decreases during the temperature-holding process. At the end of the
experiment, Sb content in the slag per heat can be reduced to less than 0.01%.

The holding temperature and amount of anthracite and quartz can all have an
impact on Sb content in the final slag. By comparing the experimental results of the

Fig. 9 Relationship between
Pb content in slag and
smelting time in different
heats
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first to third heats, it can be seen that Sb content in the final slag decreases from
0.011 to 0.0054% when the holding temperature is increased from 1250 to 1450 °C.
It is mainly because that the increase in temperature results in an increase in
reduction of antimony oxide and a decrease in slag viscosity, which is beneficial to
the settlement of metal solid antimony and the mass transfer of antimony oxide. By
comparing the experimental results of the third and fourth heats, it can be seen that
addition of 5% quartzite reduces Sb content in the final slag from 0.0054 to
0.0045%, which is consistent with variation of matte settlement. The addition of
quartzite can increase the interfacial tension between slag and antimony-containing
metal solid solution. By comparing the experimental results of the fourth and fifth
heats, it can be seen that the antimony content in the final slag increases from
0.0045 to 0.0050% when the anthracite content decreases from 10 to 5%. This is
mainly because that reduction and volatilization of Sb oxides are more difficult
because of the decrease of anthracite addition at the late stage of the reaction when
the antimony oxide content and activity are lowered.

Analysis of Arsenic Removal Effect

Arsenic is a toxic element, and the existence of arsenic causes serious pollution
hazards in slag storage. This problem cannot be effectively solved by the existing
slag floatation process and traditional slag cleaning process in an electric furnace.
Sb content in the final slag can be reduced to 0.0014% and kept below 0.005% by
adding appropriate amount of anthracite and quartzite at 1450 °C to realize
harmless treatment of the final slag in this study.

Fig. 10 Relationship
between Sb content in slag
and smelting time in different
heats
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Discussion on Physical Analysis of the Products

Physical Analysis of Typical Final Slag

The final slag obtained from the fifth heat experiment was analysed by scanning
electron microscope, with the microstructure and element surface scanning as
shown in Figs. 11 and 12, and composition analyses by electron microprobe, as
shown in Tables 15 and 16, were carried out for the main phases as shown in
Fig. 11.

Fig. 11 Microstructure of final slag (� 150 times)

Fig. 12 Field-of-view element surface scanning shown in Fig. 11

Table 15 Analysis of points 1, 2 and 4 by electron microprobe in Fig. 11, %

No. Fe2O3 SiO2 CaO MgO Al2O3 Cr2O3 TiO2 Pb SO3

1 67.12 30.13 0.38 2.38

2 23.68 52.11 14.41 8.72 1.09

4 45.69 0.74 4.92 47.48 1.17
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The analysis of the results shows that the existing arsenic and zinc in the final
slag are dispersed and Pb and Sb are mainly enriched in sulphide inclusion regions.
The phases at point 1, point 2, point 3, point 4 and point 5 are mainly fayalite phase,
fayalite and silicon oxide-rich phase, the iron sulphide inclusion, the iron chromate
formed by slag erosion of lining and the copper sulphide inclusion.

The Analysis and Test Center of Changsha Research Institute of Mining
and Metallurgy was commissioned to carry out phase analysis of the residual
copper in the final slag. The results, as shown in Table 17, show that 80% of the
copper in the final slag is in sulphide inclusion and 14.3% of the copper is in metal
state.

Physical Analysis of Typical Copper Sulphide

The copper matte obtained from the experiment of the fifth heat was analysed by
scanning electron microscopy, with its microstructure and element surface scanning
as shown in Figs. 13 and 14, and composition analyses by electron microprobe, as
shown in Table 18, were carried out for the main phase as shown in Fig. 13.

Table 16 Analysis of points 3 and 5 by electron microprobe in Fig. 11, %

No. Fe Cu S

3 62.58 1.67 35.75

5 3.25 73.62 23.13

Table 17 Copper phase in final slag

Phase Metallic
copper

Copper in copper
oxide

Copper in copper
sulphide

Others Total

Content/
%

0.05 0.005 0.28 0.015 0.35

Fig. 13 Microstructure of
copper matte (� 200 times)
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As shown in the result analysis, the main phase is metallic iron at point 1 where
arsenic is mainly distributed in the metallic iron-rich region. Copper matte is the
main phase at point 2 where sulphur is distributed in the same region with most
copper. Copper mainly exists at point 3 where antimony is mainly distributed in the
same region with metallic copper. Small-sized inclusions exist at point 4 with iron
and zinc sulphide as the main components, and the main phase at point 5 is metallic
lead.

Conclusion

(1) A new treatment technique of comprehensive utilization for copper smelting
slag—CR (comprehensive recovery)—is proposed through theoretical analysis
and experimental research. This technique not only overcomes many disad-
vantages existing in the traditional treatment process but also realizes com-
prehensive recovery of valuable metal elements such as copper, lead, zinc and
antimony in slag, deeply removes arsenic in slag and eliminates the pollution
hazards in final slag storage.

(2) Under the conditions that anthracite content is 10%, quartz content is 5%,
holding temperature is 1450 °C, and holding time is 120 min, the copper, lead,
zinc, antimony and arsenic contents in the final slag are reduced to 0.31, 0.043,

Table 18 Analysis of points 1–5 by electron microprobe in Fig. 13, %

No. Fe Co Cu Sb Zn Sn As Pb S

1 93.68 2.71 2.49 1.12

2 6.35 72.23 21.42

3 2.34 95.2 2.12 0.35

4 25.57 2.98 35.33 36.12

5 2.31 0.38 97.3

Fig. 14 Field-of-view element surface scanning shown in Fig. 13
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0.12, 0.0045 and 0.0014%, while the contents of copper, lead, zinc, antimony,
and arsenic in the matte phase are 28.13, 1.54, 0.055, 4.01 and 1.39%,
respectively.

(3) It is shown by experimental result that the addition of quartz can effectively
reduce the copper content in the final slag, but it has a negative impact on the
deep recovery of zinc.

(4) It is seen from microanalysis that the residual copper in the final slag mainly
exists as sulphide droplet inclusions, and arsenic in the matte is mainly dis-
tributed in the region where iron phase aggregates.
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Structure–Property Correlations
of Al2O3 $ SiO2 Substitution in Blast
Furnace Slag

Zhiming Yan, Xue-wei Lv, Ramana G. Reddy, Zhengde Pang
and Wenchao He

Abstract Knowledge of the structure and properties of aluminosilicate slags is of
great importance in metallurgical processes. The quantitative structural information
could be obtained from Raman spectra of the quenched slag samples. The rela-
tionship between the properties and structure in the CaO-MgO-SiO2-TiO2-Al2O3

system with various Al2O3/SiO2 ratio were studied in present work. Various
properties such as viscosity, density, and electrical conductivity can be expected as
a simple linear function of structural complexity. It is can be concluded that these
physical properties are strongly dependent on the structural complexity of alumi-
nosilicate melts. The methodology outlined in the current study can be used to
predict the physicochemical properties of aluminosilicate slags when using the high
alumina iron ore in ironmaking process.

Keywords Aluminosilicate slags � Structure � Properties

Introduction

As a result of the consumption and huge global demand for high-quality steel
products, and the increasing cost of raw materials for ironmaking, steel producers
have increased their use of low-cost, low-grade raw materials. The usage of high
alumina ore will result in the blast furnace slag system translation to aluminosilicate
based [1–7]. The aluminosilicate slags are very important not only in the metal-
lurgical processes but also in the glass manufacture and magmatic processes in
petrology. Structure of alumonosilicate slags is the dominant factor affecting the
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high temperature properties such as viscosity, density, surface tension, and elec-
trical conductivity. Therefore, many researchers have tried to measure and predict
these macroscopic thermo-physical properties as a function of composition of sil-
icates based on the microscopic view of structures. Raman spectroscopy was
originally used to probe the local anionic structure of alumonosilicates and provide
a quantitative measurement of the various chemical species involved in the melts
network structure [8–10].

We previously reported the properties such as viscosity, density, surface tension,
sulfide capacity, and electrical conductivity of the CaO-SiO2-MgO-Al2O3-TiO2

slag system when substituted silica by alumina [1–3]. In the present work, the
structural information of the slags was investigated by Raman spectroscopic anal-
ysis for melt-quenched samples. Furthermore, the relationships among the structural
information and thermos-physical properties are developed.

Experimental Procedure

Preparation of Samples

The chemical compositions of the slags investigated in the present study are shown
in Table 1. The slags for the thermos-physical measurements were made from
synthetic slags, which were synthetized with the known chemical composition slag
from the analysis pure grade regent. The analysis pure grade regent was first
claimed at 1273 K (1000 °C) in a muffle furnace to remove the impurities such as
carbonate, hydroxide, and moisture. Weighted chemicals were thoroughly pressed
into cylindrical pellets before being used in the experiments. About 200 g of the
sample was used in the Mo crucible, which gave a slag bath of at least 40 mm deep
contained in crucibles. After completing the thermos-physical measurements, the
melts were reheated to 1773 K (1500 °C) and quickly quenched on a water-cooled
plate, but the cooling rate of water quenching is not precisely known. Slag samples
were analyzed using X-ray fluorescence spectroscopy to confirm the composition,
and the results were in good agreement with the anticipated compositions.

Analysis of Raman Spectra

Raman spectroscopy (Lab. RAM HR Evolution; HORIBA Scientific, France) with a
532-nm laser was used for further analysis of the slag structure. The analysis of the
Raman spectra was constrained from 1200 to 400 cm−1, and the area fraction and
quantitative amounts of the individual silicate and aluminate bonds were ascer-
tained by deconvoluting the Raman spectra with the Peak Fit V4 software. X-ray
diffraction (XRD) (Model D/max2500/PC (Cu Ka)) analysis was carried out to
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ensure the phase of samples. Scanning was carried out at an angular range of 10°–
90° and scan rate of 4°/min. The absence of any characteristic peaks in the XRD
pattern indicates that water quenching imparts sufficient cooling to obtain an
amorphous structure.

Figure 1 shows a typical deconvolution result carried out in the present study,
e.g. for the 40 mass% CaO-SiO2-Al2O3-9 mass% MgO-1 mass% TiO2 slags sys-
tem, Al2O3/SiO2 = 0.92. Bands marked at 876, 905, 978, and 1059 cm−1 corre-
spond to Q0 (850–880 cm−1), Q1 (900–920 cm−1), Q2 (950–1000 cm−1), and Q3

(1050–1100 cm−1) units, respectively [10–12]. The stretching Al-O-Si vibration is
observed near 820–850 cm-1, which the peak at 834 cm-1 [13]. The Al-O− and
Al-O0 stretching vibrations are separately observed near 700–800 cm−1 and 530–
610 cm−1, which the peak is 721, 567 cm−1, respectively [8, 14, 15]. Here, the
Raman scattering for Q4 unit (1200 and 1060 cm−1) could not generally be resolved
due to its very low intensity in these aluminosilicate systems.

Hence, from the quantitative analysis of Raman spectra, the obtained configu-
ration of each structural units is shown in Table 1, wherein the relative area frac-
tions of the fitted Gaussian bands are listed.

Fig. 1 Raman spectroscopy of as-quenched samples and deconvoluted spectra for the CaO-SiO2-
Al2O3-MgO-TiO2 system; Al2O3/SiO2 = 0.92
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Results and Discussion

Effect of Al2O3 $ SiO2 on the Structure

Figure 2 shows the fraction of structural units as a function of the Al2O3/SiO2 ratio
obtained from the deconvoluted Raman spectra. The (Q0 + Q1) and Si-O-Al
increase when the Al2O3/SiO2 ratio is less than 0.92 and decreases when the alu-
mina content further increases. By contrast, the (Q2 + Q3) and Al-O0 structural
units demonstrate contradictory results. Notably, the separation of the variation for
Al2O3/SiO2 is nearly 0.92, such that the atoms of Al are close to those of Si. This
phenomenon may explain why the Si-O-Al concentration reaches its maximum
value. The structural unit of Al-O0 increases with increasing Al2O3/SiO2 content.
According to the Raman analysis, the ratio of complex structures and simple
structures was defined as structural complexity (Sc) to characterize the structure of
the slags, which shown as Eq. (1):

Sc ¼ fQ2 þ fQ3 þ f Si�O�Alð Þ þ f Al�O�ð Þ þ f Al�O�ð Þ
fQ0 þQ1

ð1Þ

where fi is the fraction of structure unit i.

Fig. 2 Fraction of the characteristic structural units with varying Al2O3/SiO2
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Structure–Property Relationship

Viscosity

The viscosity of molten slags has played an essential role in determining the per-
formance and productivity of the ironmaking process. The viscosity of the studied
slag system has been reported in the previous work [3]. Figure 3a shows the
relationship between the viscosity and the logarithm of structural complexity (Sc).
The viscosity of the aluminosilicate slags increases linearly as ln (Sc) increases at
1773 K. The activation energy of aluminosilicate melts was obtained from an
Arrhenius relationship (Eq. 2) between viscosity and temperature.

g ¼ g0 exp
Eg

RT

� �
ð2Þ

In Fig. 3b, the activation energy for the viscous flow of CaO-SiO2-MgO-Al2O3-
TiO2 slag is a linear function of structure complexity, which is defined as ln (Sc.) in
the present study as follows.

Eg ¼ kJð Þ ¼ 84:20� In Sc:ð Þþ 186:56 r2 ¼ 0:92
� � ð3Þ

Consequently, the ln (Sc.) can be experimentally obtained and act as a good
polymerization index, which could be used to quantify the effect of structure on the
viscosity of aluminosilicate melts.

Density

Density (q) is an useful variable for structural interpretation of molten slags. The
relationship between density of the CaO-SiO2-MgO-Al2O3-TiO2 slag and ln (Sc.)

Fig. 3 Relationship between the viscosity (a) and activation energy (b) with the structural
complexity at 1773 K
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value at 1773 K is shown in Fig. 4. The density of slags linearly decreases by
increasing the ln (Sc.) at a given temperature with the following relationship:

In q g=cm3� � ¼ �0:048� In Sc:ð Þþ 2:69 r2 ¼ 0:92
� � ð4Þ

In the alumonosilicate systems, the charge compensation is required of [AlO4]
5−

tetrahedra due to the difference in the valence comparing with [SiO4]
4− which are

usually achieved by alkali metals and alkaline earths. In the case of Al2O3 $ SiO2

substitution for the slag with fixed CaO content (40 mass pct), the bridging oxygens
will increase. Richet et al. [9]. concluded that bridging oxygens have a larger partial
molar volume than nonbridging oxygens. The results are shown in Eq. (4) and
Fig. 4 are consistent with their conclusion.

Electrical Conductivity

Electrical conductivity of molten slag is a significant physical property in the
metallurgical process. Such property is crucial in the comprehensive utilization of
blast furnace slag with an electric arc furnace, such as the preparation of rock wool
from the slag through electric arc furnace. The electrical conductivity (k) follows an
Arrhenius-type relationship, (Eq. 5), similar to viscosity:

j ¼ A exp
Ej

RT

� �
ð5Þ

Fig. 4 Density of studied slag as a function of structural complexity

Structure-Property Correlations of Al2O3 $ SiO2 Substitution … 765



The relationship between the electrical conductivity (ln k) and the structure
complexity, viz. ln (Sc.), of the CaO-SiO2-MgO-Al2O3-TiO2 slags at 1773 K is
shown in Fig. 5. The electrical conductivity obtained by Zhang’s model [16]. ln
(k) decreases linearly as ln (Sc.) increases with the following correlation:

In j X�1cm�1� � ¼ �0:48� In Sc:ð Þþ 0:88 r2 ¼ 0:93
� � ð6Þ

Conclusions

The structure information of the CaO-MgO-SiO2-TiO2-Al2O3 system with various
Al2O3/SiO2 ratio was studied in present work by Raman spectroscopic analysis.
Furthermore, the relationship between the properties and structure in this system
was evaluated. The high temperature properties (viscosity, density, and electrical
conductivity) are expected as a simple linear function of structural complexity. It is
can be concluded that these physical properties are strongly dependent on the
structural complexity of aluminosilicate melts. It is should be noted that the mea-
surements of high temperature physicochemical properties of aluminosilicate melts
are high cost and time-consuming tasks, and the methodology outlined in the
current study can be used to predict the physicochemical properties of alumi-
nosilicate slags when using the high alumina iron ore in ironmaking process.

Fig. 5 Electrical conductivity of studied slag as a function of structure complexity
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The Study of Hot Metal
Dephosphorization by Replacing Part
of Lime with Limestone

Haohua Deng, Min Chen, Nan Wang and Guangzong Zhang

Abstract The study of hot metal dephosphorization by replacing part of lime with
limestone at temperature of 1350–1400 °C has been carried out in this work, and
the effects of slag temperature and substitution proportion of limestone were
examined. Moreover, the influence of limestone decomposition and dissolution on
the dephosphorization rate of hot metal was also investigated. It was found that
adding limestone instead 50% in mass of lime and the intensive endothermic
reaction of limestone decomposition would reduce the slag temperature and
increase the slag viscosity. The dynamic condition of dephosphorization was
obviously deteriorated, and the dephosphorization rate of hot metal decreased at
1350 °C, while the thermodynamic condition of dephosphorization could be
improved and the dephosphorization rate of hot metal increased at 1400 °C.

Keywords Dephosphorization � Limestone � Hot metal � Decomposition

Introduction

The dephosphorization plays an important role in the converter steelmaking pro-
cess. In view of this importance, many studies on the hot metal dephosphorization
have been carried out [1–3], including reaction mechanism and the factors affecting
the dephosphorization rate such as lime property, slag composition and temperature
and so on [4, 5]. Ono et al. investigated the dephosphorization kinetics during lime
injection with oxygen and found that increasing the slagging rate of solid lime is
necessary to increase the dephosphorization rate of hot metal [6]. Lime is usually
used as the slagging material for slagging and dephosphorization in the converter. It
is well known that active lime is produced in a rotary kiln by calcination of
limestone at 1000–1300 °C for a few hours, and then, the cooled lime is transported
to the converter for slagging [7]. During this process, the loss of sensible heat of the
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calcined lime is inevitable. In recent years, with the demand for lower production
cost and emission reduction in steelmaking industries, directly using limestone
instead of lime as slagging material in converter steelmaking process has been paid
great attention, and some industrial trials on limestone slagging mode have been
conducted in China [8, 9].

It is known to all that the dephosphorization rate of hot metal is mainly
dependent on the three factors, basicity of slag, slag temperature and oxidization of
slag [10]. In the basic oxygen steelmaking process, fast dissolution of lime in slag
would promote the quick formation of a suitable slag, which could promote the hot
metal dephosphorization. By comparing with the dissolution of lime in converter
slag, the dissolution of limestone is accompanied by the decomposition of lime-
stone during the limestone steelmaking process. The decomposition of limestone is
a strong endothermic reaction, which is supposed to have great influence on the slag
bath temperature. Moreover, in the anthors’ previous study, the limestone decom-
position in converter was studied and the results indicated that the decomposition
reaction of limestone could affect the dissolution of the lime [11]. The local tem-
perature drop caused by the intensive endothermic reaction of limestone decom-
position may result in a slower slagging rate, which could have an effect on the
dephosphorization rate of hot metal.

In this work, the hot metal dephosphorization by replacing part of lime with
limestone at temperature of 1350–1400 °C was studied, and the slag temperature
and substitution proportion of limestone were examined. The motivation of this
paper is to provide more scientific evidence for better understanding the hot metal
dephosphorization by replacing part of lime with limestone under the converter
steelmaking condition.

Experimental

Raw limestone and active lime lumps supplied by a steelmaking company in China
were cut into the small particle sample with the size of 2 mm, respectively. CaO
powder used in the synthesized slag was obtained by the calcination of the
reagent-grade CaCO3 powder at 900 °C for 24 h. Thereafter, the initial converter
slag (synthesized slag) was prepared by mixing CaO, reagent-grade SiO2 MgO and
Al2O3 powders thoroughly. The composition of the synthesized slag was 40 wt%
CaO, 36 wt% SiO2, 9 wt% MgO and 15 wt% Al2O3. To ensure the melting of the
synthesized slag at experimental temperature, the reagent-grade CaF2 was added to
the above composite, with external addition of 20 wt%. The hot metal was prepared
by melting the pig iron. The composition of pig iron is shown in Table 1.

Table 1 Composition of pig iron (wt%.)

C Si Mn P S

4.00 0.27 0.30 0.091 0.046
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The reagent-grade Fe2O3 was used as an oxidant during the hot metal dephos-
phorization process.

The electric furnace with MoSi2 heater and alumina reaction tube was employed.
The MgO crucible was put in the constant temperature zone of the reaction tube.
The hot metal temperature was measured by a PtRh30–PtRh6 thermocouple located
at the bottom of the crucible. A corundum rod with the rotating speed range of
100 rpm was used to stir the molten slag during the reaction process. About 300 g
of pig iron sample and 10 g of synthesized slag were charged into the crucible and
heated to the required experimental temperature, namely 1350 and 1400 °C,
respectively. High-purity argon gas was introduced from the bottom of the reaction
tube and led out from the top. After the pig iron and synthesized slag were melted
completely, Fe2O3, active lime and limestone were charged into the crucible. The
addition amounts of Fe2O3, active lime and limestone are shown in Table 2. The
hot metal and slag were frequently sampled with a 4-mm inner diameter quartz tube
and a steel rod, respectively, over a period of 5, 10, 20 and 30 min. Thereafter, the
hot metal and slag sample were quenched. The hot metal and slag samples were
analysed with chemical titration.

Results and Discussion

Figure 1 shows the variation of the content of [P] in hot metal with the reaction
time. It can be observed that the lower the temperature of the molten metal, the
greater became the dephosphorization effects. In addition, during the process of
slagging with limestone instead 50% of lime, the content of [P] in hot metal was
higher than that during the process of slagging with lime at 1350 °C, while it took
on an opposite trend at 1400 °C, indicating that slagging with limestone instead
50% of lime was favourable to the hot metal dephosphorization at 1400 °C, but that
was disadvantage to the hot metal dephosphorization at 1350 °C.

Figure 2 shows the variation of the ratio of phosphorus content of the slag and
hot metal (%P)/[%P] with the reaction time. It can be observed that the ratio of
(%P)/[%P] increased with increasing the reaction time. In addition, during the
process of slagging with limestone instead 50% of lime, the ratio of (%P)/[%P] was
obviously lower than that during the process of slagging with lime at 1350 °C,
while the ratio of (%P)/[%P] for slagging with limestone instead 50% of lime was
slightly higher than that for slagging with lime at 1400 °C, indicating that slagging
with limestone instead 50% of lime was favourable to the improvement of

Table 2 Addition amounts of slagging material

Substitution proportion of limestone (%) Limestone (g) Lime (g) Fe2O3 (g)

0 0 20.20 20.06

50 17.51 10.10 20.06
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dephosphorization capacity of slag at 1400 °C. Therefore, it is considered that to
ensure quick dephosphorization rate of hot metal in the steelmaking process, the hot
metal should have a higher temperature while using limestone slagging.

Table 3 presents the chemical composition of slag at the end of reaction.
Figure 3 shows the variation of slag basicity (CaO/SiO2) with the reaction time. It
can be observed that the slag basicity increased with increasing reaction time.
During the process of slagging with limestone instead 50% of lime, the slag basicity
was obviously lower than that during the process of slagging with lime at 1350 °C,
and the slag basicity for slagging with limestone instead 50% of lime was less than
2.8 at the end of reaction. This is due to that the endothermic decomposed reaction
of limestone decreased the slag temperature and the slagging rate. However, the
slag basicity for slagging with limestone instead 50% of lime was slightly lower

0 5 10 15 20

0.00

0.02

0.04

0.06

0.08

0.10

Reaction time (min)

[%
 P

]

1350°C−Lime
1350°C−Lime +Limestone
1400°C−Lime
1400°C−Lime +Limestone

Fig. 1 Variation of content
of [P] in hot metal with the
reaction time

0 5 10 15 20

0

10

20

30

1350°C −Lime
1350°C−Lime + Limestone
1400°C −Lime 
1400°C −Lime + Limestone

(%
 P

)/
[%

 P
] (

-)

Reaction time ( min)

Fig. 2 Variation of the ratio
of (%P)/[%P] with the
reaction time

772 H. Deng et al.



than that for slagging with lime at 1400 °C. Thus, the higher the temperature, the
faster the dissolution rate of lime is, and the slag basicity is higher.

It is known to all that limestone decomposition is a process with strong
endothermic reaction (DHCaCO3 ¼ 169120 J=mol) [12]. The maximum heat
absorption of limestone decomposition reaction could be obtained by Eq. (1).

DH ¼ n � DHCaCO3 ð1Þ

where DHCaCO3 is the enthalpy of decomposition reaction (J mol−1) and n is the
mole mass of CaCO3 of limestone sample (mol).

The temperature drop of hot metal could be calculated by Eq. (2)

DT¼ DH
CP;s � m ð2Þ

where Dt is the maximum temperature drop of hot metal (°C), m is the mass of hot
metal (kg), and CP,s is the constant pressure capacity of hot metal (J (kg °C)−1).

During the process of slagging, it is assumed that the heat absorbed of limestone
decomposition was all from the hot metal. Based on Eqs. (1–2), the maximum

Table 3 Chemical composition of slag

T (°C) Substitution proportion
of limestone (%)

SiO2 (%) CaO (%) P2O5 (%) FeO (%)

1350 0 14.82 44.17 1.04 39.97

50 15.17 42.48 0.81 41.54

1400 0 14.69 44.08 0.65 40.58

50 14.82 43.72 0.74 40.71
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temperature drop of hot metal was calculated as about 54 °C while using limestone
instead 50% of lime slagging. Thus, the temperature of hot metal was about 1296–
1350 °C for slagging with limestone instead 50% of lime at 1350 °C and that was
about 1346–1400 °C for slagging with limestone instead 50% of lime at 1400 °C.

The limestone decomposition is a process with strong endothermic reaction, and
thus, the temperature would inevitably be affected by the decomposition reaction.
Furthermore, the slag temperature has a significant effect on the viscosity of slag.
The viscosity of slag could be obtained by FactSage software. The result shows that
using limestone instead 50% of lime for slagging at 1350 °C, the viscosity
increased from 0.461 to 0.597 Pa s, while it increased from 0.362 to 0.462 Pa s at
1400 °C. It can be found that the increment of viscosity was less at 1400 °C. That is
to say, the dynamics condition of the hot metal dephosphorization at 1400 °C was
obviously better than that at 1350 °C.

The reaction of hot metal desulfurization could be expressed by Eq. (3) [10].

2½P� þ 5ðFeOÞþ 4ðCaOÞ ¼ 4CaO � P2O5 þ 5½Fe�DGh

¼ �767162þ 288:35T J=mol ð3Þ

The standard Gibbs free energy of desulfurization reaction of hot metal could be
obtained by Eq. (3), and the results are shown in Fig. 4. It indicates that the
standard Gibbs free energy of dephosphorization reaction of hot metal increased
with increasing the temperature. As mentioned above, the intensive endothermic
reaction of limestone decomposition would reduce the temperature of hot metal.
Thus, the slagging with limestone instead 50% of lime was favourable to the
improvement of the thermodynamic condition of the hot metal dephosphorization.

Slagging with limestone instead 50% of lime could decrease the temperature of
hot metal and improve the thermodynamic condition of the hot metal dephospho-
rization, while the dissolution rate of lime was obviously slower and the basicity of
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slag was lower at 1350 °C. In addition, the temperature of hot metal drop caused by
the limestone decomposition could obviously increase the viscosity of hot metal
and deteriorate the dynamics condition of the hot metal dephosphorization. Thus,
the dephosphorization rate of hot metal decreased. Compared with the hot metal
dephosphorization with limestone instead 50% of lime slagging at 1350 °C, the
dissolution rate of limestone was faster and the dynamics condition of the hot metal
dephosphorization was better at 1400 °C. Therefore, the dephosphorization rate of
hot metal for slagging with limestone instead 50% of lime was faster than that for
slagging with lime.

Based on the above analysis, the dephosphorization of hot metal is affected by
the conditions of thermodynamics and dynamics. The deterioration of dynamics
condition of the hot metal dephosphorization by the limestone addition hindered the
dephosphorization reaction at 1350 °C, while the improvement of thermodynamics
condition of the hot metal dephosphorization by the limestone addition promoted
the dephosphorization reaction.

Conclusions

The hot metal dephosphorization by replacing part of lime with limestone at tem-
perature of 1350–1400 °C was studied, and the slag temperature and substitution
proportion of limestone were examined. The main results and conclusions are
summarized in the following:

(1) During the process of slagging with limestone instead 50% of lime, the
intensive endothermic reaction of limestone decomposition would reduce the
slag temperature and increase the slag viscosity.

(2) When the use of limestone instead 50% of lime was applied for slagging, the
dynamic condition of dephosphorization was obviously deteriorated and the
dephosphorization rate of hot metal decreased at 1350 °C, while the thermo-
dynamic condition of dephosphorization could be improved and the dephos-
phorization rate of hot metal increased at 1400 °C.
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Study on Energy Utilization of High
Phosphorus Oolitic Haematite
by Gas-Based Shaft Furnace Reduction
and Electric Furnace Smelting Process

Hui Sun and Miaolian Bian

Abstract Based on mass balance and heat balance calculation model, the energy
utilization of pellet roasting, gas-based shaft furnace reduction and electric furnace
smelting process of high phosphorus oolitic haematite was calculated, and the
influence on energy consumption of the total process with different additives was
investigated. Furthermore, the gas-based shaft furnace was divided into three parts,
namely preheated zone, reduction zone and cooling zone. Taking chemical reac-
tions that taken place in different parts, as well as roasting pellets and sponge iron
with different temperatures into consideration, the relative mass balance and heat
balance calculation model are established for energy analysis, which can provide a
theoretical foundation for energy saving of gas-based shaft furnace reduction
technology.

Keywords High phosphorus oolitic haematite � Mass balance � Heat balance �
Gas-based shaft furnace reduction � Electric furnace smelting

Introduction

The direct reduction is a process for reducing iron ore and producing sponge iron
called direct reduction iron or DRI [1]; there are several typical technologies, such
as MIDREX, HYL and PERED using counter flow shaft furnace to make sponge
iron [2–4]. Nowadays, gas-based shaft furnace direct reduction process is playing a
dominant role in non-blast furnace iron making process. The total output of sponge
iron had been more than 70 million metric tons since 2010; however, 75% of them
were produced by gas-based shaft furnace. In 2013, the global output of DRI was
75.20 million metric tons, more than 78% of which was produced by gas-based
shaft furnace direct reduction process [5, 6]. Especially for the recent years, the
gas-based shaft furnace direct reduction process is developing faster than years
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before, and several gas-based shaft furnace direct reduction and production facility
had been built one after another in Iran, India, Egypt, the United Arab Emirates and
other countries. Up to now, the design capacity of single gas-based shaft furnace
direct reduction and production facility can reach 2.75 million metric tons per year,
and large scale of which may become the most prominent characteristics in this
century.

The high phosphorus oolitic haematite is an important resource with a huge
deposit in China, which is nearly impossible to be used in blast furnace owing to its
extreme difficulties of separation and concentration of iron oxide minerals by tra-
ditional magnetic, floating or gravity separation methods [7]. The phosphorus
content of raw high phosphorus oolitic haematite ranges from 0.8 to 1.2% and the
iron content of which is about 50%. What’s more, the phosphorus and iron element
are always nesting with each other and the diameter of the oolitic structure is in
macrometer degree, which is hard to separate them by grinding operation [8, 9]. In
recent years, a lot of efforts were made to separate phosphorus from high phos-
phorus oolitic haematite by gas-based shaft furnace direct reduction process and
obtained low phosphorus metallic iron with phosphorus content less than 0.18%
after smelting in an electric furnace. That is to say, the gas-based shaft furnace
direct reduction and electric furnace process are an ideal method for extracting
lowgrade phosphorus metallic iron [10].

Although the literature reports published based on the laboratory research can
provide the theory and data foundation for large-scale processing the high phos-
phorus oolitic haematite by gas-based shaft furnace direct reduction and electric
furnace process, the energy utilization of it is also deserving focusing on. The
gas-based shaft furnace can be divided into three parts, namely preheated zone,
reduction zone and cooling zone, and each part has its own mass and heat balance,
which can help us understand the energy distribution. Moreover, based on the mass
and heat balance calculating model, the energy conserve potential can also be made
to serve the practical production in future.

Materials and Gases

Raw Materials

The raw materials used in this study include high phosphorus oolitic haematite and
some additives. The high phosphorus oolitic haematite is from the western part of
Hubei Province, named Ning-xiang type, and its chemical composition is shown in
Table 1.

Table 1 Chemical composition of high phosphorus oolitic haematite, wt%

TFe Fe2O3 FeO SiO2 CaO Al2O3 MgO K2O Na2O P

48.93 66.70 2.93 10.56 5.32 5.92 0.82 0.419 0.098 0.793
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It can be seen from Table 1 that the total Fe of high phosphorus oolitic haematite
is less than 50%, it is not desirable for smelting by blast furnace iron making
technology because of the low degree of Fe, furthermore, more high phosphorus
slag will be produced, and a hard work will be made for further utilization widely
and economically.

The additives are mainly to some pure chemical reagents, like CaO, Ca(OH)2,
CaF2, CaCl2, NaOH, the proportion of which added was shown in Table 2.

There is a common sense that high phosphorus oolitic haematite is a red-brown
ore with high viscosity, especially when grinding to small particles with size less
than 75 lm and pelletizing with size of 10–16 mm by using disc pelletizer.
Provided that no additives were added, there will be no pellets produced. Just a little
water added will result in massive blocks or balls. Otherwise, the alkalinity of high
phosphorus oolitic haematite is very low, so the smelting temperature will be high,
which will affect the smelting process in an electric furnace. Overall, additives
added to high phosphorus oolitic haematite can lower the viscosity and improve the
alkalinity, not only in favour of pelletizing, but also brings convenience to smelting
process.

Reducing Gas

The reducing gas is used for reducing the roasting pellets in reduction zone of
gas-based shaft furnace, the temperature of it ranges from 1123 to 1223 K, and the
injection quantity is about 1800 Nm3/tDRI. The composition is shown in Table 3.

Cooling Gas

In the bottom of the gas-based shaft furnace, in order to avoid the heated sponge
iron oxidized in air or carburized, it is necessary to lower the sponge iron tem-
perature. Generally speaking, nitrogen gas and argon gas with normal temperature
can be taken as cooling gas, and in view of economical efficiency and sustainable

Table 2 Proportion of additives added to 100% of high phosphorus oolitic haematite, wt%

Additives CaO Ca(OH)2 CaF2 CaCl2 NaOH

Proportion 5–25 5–25 5–25 5–25 5–25

Table 3 Composition of reducing gas, vol.%

H2 CO CH4 H2O CO2 N2 + Air R

44.53 43.03 4.40 2.40 1.20 4.44 100.00
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development, the reducing gas with normal temperature may be better suitable for
cooling the heated sponge iron. In this study, the reducing gas is taken as cooling
gas either, and the injection quantity is about 1000 Nm3/tDRI.

Gas-Based Shaft Furnace and Calculating Model

Taking gas-based shaft furnace as a whole, the material input is cooling gas,
reducing gas and roasting pellets, and the material output is cooling gas after
heating, top gas and sponge iron, which can be shown in Fig. 1, and the mass
balance based on chemical reactions is listed in Table 4 and shown in Table 5. It
can be seen from Table 5 that the material input is mainly roasting pellets and
reducing gas, and almost the same proportion. When chemical reactions are taken
place in the gas-based shaft furnace under high temperature, the proportion of the
products, DRI and top gas alters, and the proportion of DRI derived from roasting
pellets decreases. Table 6 shows heat balance of the whole gas-based shaft blast
furnace, and it also indicates the same phenomenon that the larger proportion of
heat input by reducing gas and the larger proportion of heat output by top gas.

When gas-based shaft furnace is divided into preheated zone, reducing zone and
cooling zone, mass balance and heat balance can be calculated, respectively.

In preheated zone, the material input is the same as that of output and is to heat
the roasting pellets with no consideration of any chemical reactions at all. The
reduction zone is the most important part of the whole gas-based shaft furnace; it

Roasting pellets

Sponge iron

Pressurized

Cleaning
Cooling

gas

Reducing gas

Top gas Preheated
zone

Reduction
zone

Cooling
zone

Fig. 1 Diagram of gas-based
shaft furnace
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Table 4 Chemical reactions involved in gas-based shaft furnace

No. Chemical reactions DH/(kJ/mol)

(1) 3Fe2O3(s) + H2(g) = 2Fe3O4(s) + H2O(g) −2.07

(2) Fe3O4(s) + H2(g) = 3FeO(s) + H2O(g) 60.45

(3) FeO(s) + H2(g) = Fe(s) + H2O(g) 30.23

(4) 3Fe2O3(s) + CO(g) = 2Fe3O4(s) + CO2(g) −43.23

(5) Fe3O4(s) + CO(g) = 3FeO(s) + CO2(g) 19.29

(6) FeO(s) + CO(g) = Fe(s) + CO2(g) −10.93

(7) CH4(g) + H2O(g) = CO(g) + 3H2(g) 206.12

(8) CH4(g) + CO2(g) = 2CO(g) + 2H2(g) 247.28

Table 5 Mass balance of whole gas-based shaft blast furnace

Material input Material output

Name Mass
(kg/tDRI)

Proportion (wt%) Name Mass
(kg/tDRI)

Proportion (wt%)

Roasting pellets 1230.774 49.06 DRI 1000.000 39.86

Reducing gas 1278.031 50.94 Top gas 1508.805 60.14

Total 2508.805 100.00 Total 2508.805 100.00
aCa(OH)2 was taken as additive, and the proportion added to 100% of high phosphorus oolitic
haematite was 10% according to a practical exploration
bNo consideration of cooling gas because there is no mass change from beginning to end

Table 6 Heat balance of whole gas-based shaft blast furnace

Heat input Heat output

Name Heat
(kJ/tDRI)

Proportion
(%)

Name Heat
(kJ/tDRI)

Proportion
(%)

Reducing
gas

2,294,341.81 100.00 Top gas 1,046,894.62 45.63

Roasting
pellets

0.00 0.00 Chemical
reactions

191,385.44 8.34

Cooling
gas

0.00 0.00 DRI after
cooling

488,239.79 21.28

Cooling gas
heated

552,509.82 24.08

Heat loss 15,312.14 0.67

Total 2,294,341.81 100.00 Total 2,294,341.81 100.00
aCa(OH)2 was taken as additive, and the proportion added to 100% of high phosphorus oolitic
haematite was 10% according to a practical exploration
bHeat loss of the gas-based furnace body is not absolutely consistent with practical production

Study on Energy Utilization of High Phosphorus Oolitic Haematite … 781



involves all chemical reactions listed in Table 4. The cooling zone is the same with
preheated zone just for heat transfer.

Results and Discussion

Total Energy Utilization Analysis

The total energy utilization of gas-based shaft furnace direct reduction and electric
furnace smelting process is shown in Fig. 2.

As can be seen from Fig. 2, when the proportion of additives added to 100% of
high phosphorus oolitic haematite ranging from 5 to 25%, the more the additives
added, the higher the total energy consumed. When taking CaF2 as additive, it
consumes more energy than other additives in the same proportion. According to
the practical study, an interesting phenomenon occurred when Ca(OH)2 was taken
as additive and the proportion of it was about 10%; it presented a good advantage in
making raw pellets and electric furnace smelting, and that was why, the study made
it as a sample in former and later for mass balance, heat balance and energy
utilization analysis.

Energy Utilization Analysis of Different Systems

Figure 3 shows the energy utilization of different systems, such as pellets roasting
system, reducing gas heating system and electric furnace smelting system, which
occupies a significant position of gas-based shaft furnace direct reduction and
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electric furnace smelting process. It should be pointed out that the energy utilization
analysis is based on the additives of Ca(OH)2 and the proportion of which added is
10 to 100% of high phosphorus oolitic haematite.

It can be seen from Fig. 3 that the reducing gas heating system consumes more
energy than the other two systems, and it increases sharply along with the pro-
portion of Ca(OH)2 added. Otherwise, the pellet roasting system changes steadily
with a small growth.

Potential Analysis of Energy Conservation

As well known, when transporting hot roasting pellets into gas-based shaft furnace
can save energy consumption or can promote roasting pellets be reduced better with
a high degree of reduction. The same as roasting pellets, hot sponge iron delivered
into electric furnace can also save a lot of energy, as shown in Fig. 4.

As shown in Fig. 4a, b, when temperature of roasting pellets rises, it can save
about a quarter of energy consumed by reducing gas heating system compared to
Fig. 3 and that of sponge iron rises can save about a third of energy consumed by
electric furnace smelting system under the same proportion of Ca(OH)2 added to
100% of high phosphorus oolitic haematite, so exploring hot material transport
technology and facility is imperative.
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Conclusions

(1) When the proportion of additives added to 100% of high phosphorus oolitic
haematite ranging from 5 to 25%, the more the additives added, the higher the
total energy consumed. According to the practical study, when Ca(OH)2 was
taken as additive and the proportion of it was about 10%, it presented a good
advantage in making raw pellets and electric furnace smelting.

(2) The reducing gas heating system consumes more energy than pellet roasting
system and electric smelting system, and it increases sharply along with the
proportion of Ca(OH)2 added. Otherwise, the pellet roasting system changes
steadily with a small growth.

(3) When the temperature of roasting pellets rises, a quarter of energy consumed by
reducing gas heating system can be saved and that of sponge iron rises can save
about a third of energy consumed by electric furnace smelting system under the
same proportion of Ca(OH)2 added to 100% of high phosphorus oolitic
haematite.
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Study on the Effect of Different CO2–O2
Mixture Gas Blowing Modes
on Vanadium Oxidation

Zheng-Lei Guo, Yu Wang, Qi Lu and Shu-Chao Wang

Abstract This paper studies the effect of mixed blowing CO2–O2 gas on the
extraction of vanadium and adopts blowing flow and stage blowing, two types of
variables, to study the effect of both on the extraction of vanadium from hot iron. The
initial blowing temperature of the experiment was set to 1300 °C. The experimental
results showed that the whole process is sprayed with 15% CO2, and the optimum
blowing flow rate is 1.714 L/(min kg). The stage blowing has better vanadium
extraction with carbon retention effect, compared with the whole blowing of 10%
CO2, and the end point temperature of the molten pool is decreased by 17 °C. The
stage blowing is injecting 10% CO2 in the initial and injecting 15% CO2 in the
middle and late period. And it has a higher vanadium oxidation rate than the whole
blowing 10% CO2, which can reach 95.14%.

Keywords Carbon dioxide � Vanadium extraction � Bath temperature

Introduction

With the steady development of society, more and more energy is consumed and
more and more greenhouse gases are emitted, which makes the problem of
greenhouse effect more and more serious [1, 2]. In the metallurgical industry,
carbon dioxide as the main emission gas, how to effectively reduce its emissions is
also one of the focuses of researchers [3, 4]. Researchers have proposed several
technological methods to reduce carbon dioxide emissions. The first is to use new
energy sources to reduce the use of fossil fuels. The second is carbon dioxide
storage technology. The third is to recycle carbon dioxide gas—not only it can
reduce carbon dioxide emissions, but it can also bring economic benefits [5, 6].
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In the process of vanadium extraction in the converter, the weak oxidizing
property of carbon dioxide is used to replace part of oxygen and carbon dioxide
participates in the molten pool reaction. The reaction of CO2 with C and Fe is an
endothermic reaction, but the reaction with Si and Mn is a weak exothermic
reaction. The whole reaction process can slow down the temperature rise of the
molten pool, which is beneficial to the vanadium extraction process, and does not
pollute the vanadium slag and also utilizes part of the carbon dioxide [7–11].

Therefore, it is of great significance to study the participation of carbon dioxide
in vanadium extraction molten pool reaction to reduce carbon dioxide emissions
and environmental protection. In order to better control the temperature of molten
pool, we use the stage blowing to control the temperature of molten pool. In the
early stage, sufficient oxygen supply meets the requirements for vanadium
extraction. The later control of the oxygen supply increases the carbon dioxide
content of the mixed gas to lower the temperature of the molten pool so that it is
around the carbon vanadium conversion temperature, so that the carbon remains in
the hot iron.

Experimental

Experimental Materials and Equipment

The materials used in the experiment are vanadium-bearing pig iron produced by
PZH Iron and Steel Group Company, and the contents of each element were
chemically detected as shown in Table 1.

The gases used in the experiment are CO2 and O2 (industrial grade gas, purity is
99.8%).

Experimental blowpipe: corundum two-hole blowpipe (outer diameter: 8 mm,
purity: 99%).

The experimental apparatus diagram is shown in Fig. 1. The heating furnace
used in this experiment is a MoSi2 high-temperature electric resistance furnace
(5K-10-16), with a rated temperature of 1600 °C. In addition, it is equipped with a
temperature controller (MTLQ-2) and a self-designed blowing system. The blowing
system includes pressure reducing valve, pressure gauge, flow metre and blowpipe,
which can control the gas pressure and flow rate required by the experiment. During
the experiment, the control cabinet’s temperature control instrument delivers a pulse
signal to control the power of silicon controlled rectifier and to the heating element
of electric resistance furnace. At the same time, the temperature measured by the

Table 1 Composition table of the vanadium-bearing pig iron, wt%

C V Si Mn P S

3.73 0.325 0.053 0.14 0.075 0.145
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thermocouple is converted into an electrical signal which is displayed by the
temperature control instrument. By Computerized Numerical Control, the MoSi2
high-temperature electric resistance furnace is smoothly kept at a constant tem-
perature, and the temperature control accuracy is ±5 °C.

Experimental Method

In this experiment, the initial blowing temperature was 1300 °C, and the total
blowing time of each group experiment was 15 min. In the first experiment, the
mixed gas with a CO2 ratio of 15% is blew in the whole process of experiment, at
the same time, and the blowing flow rates are changed, which are 1.428 L/(min kg),
1.714 L/(min kg), 2.000 L/(min kg). In the second experiment, we conducted
experiments using a stage blowing method, and the blowing flow rate was selected
to be 1.714 L/(min kg), and the mixed gas with a CO2 ratio of 10% is blew in the
first 6 min of the experiment, in the next 9 min, the mixed gas with a CO2 ratio of
15% is blew. At the same time, set up a set of experiments, the CO2–O2 mixture gas
with a CO2 ratio of 10% is blew in the whole process of experiment for comparative
analysis. In this experiment, the samples were taken at 60, 180, 360, 600 and 900 s,
and the corresponding components were analysed.

Results and Discussion

Influence of Flow Rate

Figure 2 shows that under different blowing flow rates, the carbon content in the
molten pool gradually decreases as the blowing progress. However, it has little

Fig. 1 Schematic drawing of
experimental apparatus
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effect on the oxidation amount of vanadium in the end point of the hot iron and only
has a great influence on the oxidation rate of vanadium in the initial stage of
vanadium extraction. When the blowing flow rate was 1.714 and 1.428 L/(min kg),
the changes of [C] and [V] contents were similar in the molten pool. But when the
blowing flow rate is 2.000 L/(min kg), on the one hand, due to the increase of the
blowing flow rate, the supply of oxygen increases correspondingly, which causes
the temperature of the molten pool to rise faster, which leads to the accelerated
oxidation of carbon in hot iron, and compared with the blowing flow rate of
1.428 L/(min kg), the end carbon content is reduced by 27.05%. On the other hand,
because the oxygen content is increased in the initial stage of vanadium extraction,
the oxidation of non-carbon elements in the hot iron is obviously accelerated, so
that when the flow rate is 2.000 L/(min kg), the vanadium oxidation rate in the early
stage is faster.

Through calculation, the ratio of residual carbon and residual vanadium at the
end point of the reaction of vanadium extraction with carbon retention under dif-
ferent blowing flow rates, and we can get Table 2, and where [C]R is the end point
carbon content and [V]R is the end point vanadium content.

As shown in Table 2 and Fig. 2, the blowing flow rate increased from 1.428 to
2.000 L/(min kg), and the vanadium extraction with carbon retention capacity first
increased and then weakened. This is because as the gas flow rate increases, the
oxygen supply increases and the temperature rise rate of the molten pool increases
and promotes the oxidation of carbon in the molten pool, thereby affecting the
carbon content of the end point, but it has less effect on the end point vanadium
content. After comprehensive consideration, under the experimental conditions,

(a) Change of [C] (b) Change of [V]

Fig. 2 [C] and [V] in hot iron changes with time at different blowing flows

Table 2 Value of residual [C]R/[V]R at different blowing flows

Blowing flow L/(min kg) 1.428 1.714 2.000

[C]R/[V]R 148 172 146
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when the blowing flow rate is 1.714 L/(min kg), the task of vanadium extraction
with carbon retention can be better completed. At this time, the oxidation rate of
vanadium is 93.83%.

Influence of Stage Blowing

As shown in Fig. 3, due to the process of extracting vanadium from hot iron, the
oxidation of carbon mainly occurs in the middle and late periods of molten pool
reaction. Therefore, under the same initial blowing flow rates, after the reaction is
carried out for 360 s, one of the experiments uses a CO2–O2 mixture gas with the
CO2 ratio of 15% for blow. In this set of experiments, the proportion of carbon
dioxide in the mixed gas is increased, which suppresses the increase of the tem-
perature of the molten pool and reduces the progress of the decarburizing reaction.
So it can be seen from the end point of the vanadium extraction from hot iron, the
end point carbon content of the stage blowing is higher than the end point carbon
content of the constant blow CO2–O2 mixture gas with the CO2 ratio of 10%. That
is, the stage blowing has a better effect of protecting carbon.

It can be seen from Fig. 4 that because of the later period of stage blowing, the
proportion of carbon dioxide in the mixed gas is increased, which will delay the
increase of the temperature of the molten pool and can inhibit the oxidation of
carbon and promote the oxidation of vanadium. Therefore, at the vanadium
extraction end point, the vanadium content in the hot iron with stage blowing is
lower, and after 360 s, the content of vanadium in the hot iron will always be lower
than the whole process of blowing 10% CO2, which is consistent with the exper-
imental results.

Fig. 3 Change of [C] content
with time during stage
blowing
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As can be seen from Tables 3 and 4, comparing the contents of the end points C
and V of the two tables, it can be seen that the end point C content of the stage
injection is significantly higher than the whole process of blowing 10% CO2, and
the end point V content is smaller than it. And through calculation, it can be found
that the value of [C]R/[V]R at the end point of stage blowing is 233, and the
oxidation rate of vanadium is 95.14%. However, with a CO2–O2 mixed gas having
a CO2 ratio of 10%, the value of [C]R/[V]R at the end of the reaction is 190, and the
oxidation rate of vanadium is only 94.29%. From the comparison of the two
blowing methods, we can find that the sufficient oxygen is supplied in the early
stage of stage blowing, and the proportion of oxygen is reduced to increase the
carbon dioxide proportion in the middle and late period. In addition, it can promote
the purpose of vanadium extraction and protecting carbon, and the vanadium
oxidation rate is higher when using the stage blowing.

As you can see from Fig. 5, in the previous 360 s, the two blowing methods
used the same blowing ratio, so the temperature of the molten pool raises basically
the same. However, after 360 s, since the stage blowing uses a CO2–O2 mixture
with a CO2 ratio of 15%, compared with the CO2–O2 mixed gas with 10% CO2, the
proportion of CO2 increases, and the proportion of O2 decreases. In the process of
extracting vanadium, the decarburization reaction mainly occurs in the middle and
late periods. At this time, the proportion of carbon dioxide is increased, and the

Fig. 4 Change of [V] content
with time during stage
blowing

Table 3 Change of [C] and
[V] content in molten pool at
stage blowing with time, wt%

CO2 ratio (%) [C] [V] V oxidation
rate

[C]R/[V]R

10 4.12 0.2232 95.14% 223

3.96 0.1626

3.68 0.0616

15 3.45 0.0217

2.93 0.0126
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weak oxidation of carbon dioxide can be utilized to make more CO2 participate in
the molten pool reaction. Since CO2 reacts with some elements in molten iron, it is
a weak exothermic reaction or an endothermic reaction, so it can delay the tem-
perature rise of the molten pool. Therefore, when using the stage blowing, the end
temperature of the molten pool is reduced by 17 °C compared with 10% of CO2.

Conclusion

Based on the above laboratory experimental research and analysis, we can obtain
the following conclusions:

When the blowing temperature is 1300°C and the whole process CO2 ratio is 15
%, by comparing three different blowing flows, which are 1.428 L/(min kg), 1.714
L/(min kg), 2.000 L/(min kg), the flow rate is 1.714 L/(min kg) has a better
vanadium extraction with carbon retention effect. At this time, the oxidation rate of
vanadium was 93.83%, and [C]R/[V]R was 172, which was the highest of the three.
The optimum blowing flow rate is 1.714 L/(min kg).

Table 4 Change of [C] and
[V] content in molten pool at
whole blowing 10% CO2 with
time, wt%

CO2 ratio [C] [V] V oxidation
rate

[C]R/[V]R

10% 4.16 0.2218 94.29% 190

4.02 0.1416

3.78 0.0672

3.34 0.0225

2.86 0.0148

Fig. 5 Temperature changes
with time during stage
blowing
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When the blowing temperature is 1300 °C, compared with the whole process
CO2 ratio of 10%, the stage blowing has better vanadium extraction with carbon
retention effect, which can effectively reduce the end temperature of the molten pool
at 17 °C, and the oxidation rate of vanadium at the end point can reach 95.14%, and
the [C]R/[V]R is also as high as 223.
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Thermodynamic Analysis
of Precipitation of La-O-S-As
Inclusions in Steel

Congxiao Li, Hongpo Wang, Bin Bai and Lei Zhang

Abstract The formation of RE-O-S-As inclusions and corresponding arsenic
content of equilibrium solid solubility were two core issues concerned when adding
rare earth to restrain the harm of residual arsenic in steel. In this paper, some
databases of rare earth inclusion were supplied. The influence of different La
content on the formation of inclusions during solidification of As-bearing steel was
calculated. The results showed that with the increase of rare earth content, the
original inclusions MnS, Al6Si2O13 and Mn2Al4Si5O18 in steel were replaced by
La2Al2O6, La2O2S, La2S3, La3S4 and LaS. The formation mechanism of As-bearing
rare earth inclusions was analysed under the condition of excess rare earth, and the
results showed that the As-bearing rare earth inclusions were formed during the
solidification process due to enrichment of solidification frontier elements.

Keywords Residual elements � Inclusions � Rare earths � Arsenic

Introduction

Because of the lower oxidation potential than iron, the residual element As is
difficult to remove in the steelmaking process, and it will continuously be enriched
with the recycling of scrap steel. Although the content of As is low in steel, it
usually segregates at grain boundaries and surfaces [1], which dramatically
decreases the toughness and hot workability of steel products [2].

Currently, there are two main ways to control the content of residual elements in
steel. On the one hand, the residual elements can be removed during the ironmaking
and steelmaking processes [3]. For example, vacuum refining has the function of
removing arsenic from steel, but it usually leads to a lot of iron loss. On the other
hand, it is useful to add rare earth elements into steel to reduce the damage of
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residual elements. The rare earth elements La and Ce can not only react with the
residual elements As, Sn and Pb to form high melting point compounds, but also
reduce the contents of S and O in the steel [4].

When rare earth is added to steel, it will first react with O and S to form rare
earth inclusions such as La2O3, La2O2S and LaS and then react with arsenic if the
RE content is in excess. Therefore, it is important to clarify the formation mech-
anism of La-O-S-As inclusions.

Calculation Method

FactSage is one of the most popular computing systems in the field of thermody-
namics. It has a rich database [5], which can evaluate and simulate the thermo-
dynamic functions and thermodynamic equilibrium phase diagrams under different
conditions. The whole system uses the absolute minimum Gibbs free energy as the
criterion for the equilibrium point. This paper mainly used the Equilib module for
calculation. Because of the incomplete rare earth element database in the FactSage,
we added the thermodynamic data of La3S4 and La2O2S, shown in Table 1.

The chemical compositions for calculating in the present work are billets of
grade 80 steel. The precipitation of inclusions during solidification of steel with
different La contents was calculated. Table 2 shows the chemical compositions of
steels.

Calculation Results and Discussion

Effect of Adding La on the Formation of Inclusions in Steel

In order to study the effect of adding rare earth on the formation of inclusions in
steel, firstly, the precipitation of inclusions without La was calculated.

Table 1 Thermodynamic data of rare earth compound

No. Reaction ΔGo= A + B � T (J/mol) Year References

1 2La(s) + O2(g) + S(s) = La2O2S(s) −1,633,876.79 + 188.98�T 1974 [6]

2 3La(s) + 4S(s) = La3S4(s) −1,826,021.82 + 220.13�T 1986 [7]

Table 2 Chemical composition of steel (weight per cent)

Element C Si Mn P Al As S O La

Mass/% 0.79 0.24 0.59 0.013 0.002 0.030 0.009 0.0043 0–0.10
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The precipitation of inclusions during solidification of molten steel without La is
shown in Fig. 1. It was calculated that 1467 and 1351 °C are the temperatures of
liquidus and solidus of steel. It can be seen that the inclusions formed before the
solidification are Al2O3 and Al6Si2O13. As the temperature decreases, the
main inclusion is Al6Si2O13, and at the same time, SiO2 begins to form. When the
molten steel is completely solidified, the inclusions are MnS, Al6Si2O13 and
Mn2Al4Si5O18.

As mentioned above, elements O, Si, Mn and Al usually form composite
inclusions in RE-free steel, so Al and Si play the role of deoxidation. S exists
mainly in the form of MnS. In addition, there were no As-bearing inclusions.

Figures 2 and 3 show the precipitation of inclusions with the decrease of tem-
perature in 0.03 and 0.06 mass% La steels. Figure 2 shows the precipitation of
inclusions during solidification when La content is 0.03%. It can be seen that the
inclusions before solidification are La2O2S and AlLaO3, and the La2O2S and
AlLaO3 gradually reduce during the solidification process. When the molten steel is
completely solidified, AlLaO3 inclusions in the steel are transformed into La2Al2O6.
Finally, the main inclusions are La2S3, La2Al2O6, MnS and La2O2S under 800 °C.

From Fig. 3, we can see that the inclusions are La2O2S and LaS. As the tem-
perature decreases, the types and quantities of inclusions do not change signifi-
cantly. O and S exist as sulphides and oxysulphides of La.

Figure 4 shows the formation of non-metallic inclusions with the increasing La
content at 800 °C. It shows that the inclusion types were transformed from MnS,
Al6Si2O13 and Mn2Al4Si5O18 to La2Al2O6, La2O2S, La2S3, La3S4 and LaS. When
La content reaches 0.012 mass%, Al6Si2O13 and Mn2Al4Si5O18 completely dis-
appeared. Then, MnS disappeared when La content reaches 0.044 mass%. With the
further increase of La content, La2S3 and La3S4 disappeared, and LaS and La2O2S
were the final inclusions.

As mentioned above, with the La content increases, O is converted from the Si,
Mn, Al composite oxides to the oxy-aluminides and oxysulphides of La. S is
converted from MnS to the oxysulphides and sulphides of La.

Fig. 1 Inclusion
precipitation during
solidification process
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Fig. 2 Inclusion
precipitation in 0.03 mass%
La steel

Fig. 3 Inclusion
precipitation in 0.06 mass%
La steel

Fig. 4 Effect of La content
on the precipitation of
inclusions (T = 800 °C)
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Formation Mechanism of As-Bearing Inclusions

Due to the strong binding ability of RE elements with oxygen and sulphur, when
RE elements are added to steel to control the residual elements, they will first react
with oxygen and sulphur in the molten steel. When the oxygen and sulphur contents
are reduced to a certain extent, it is possible for RE elements to react with the
residual elements in the molten steel. Li et al. [8] point out that RE-P-As phase will
form when RE/(S + O) � 4.2 in mass%. The experiment results of Wang et al. [9]
show that in high-carbon steel containing 0.03% arsenic, when the amount of La
added is from 0.003% to 0.089%, the generation sequence of La-O-S-As inclusions
is La2O3, La2O2S, La2O2S-LaAsO4 and LaAsO4.

In order to clear whether As-bearing rare earth inclusions can form in steel-
making process, we analysed the precipitation of inclusions at 1600 °C with dif-
ferent La contents. Figure 5 shows that the initial inclusion is Al2O3 in La-free
steel. With the increase of La content, Al2O3 amount gradually decreases, and
AlLaO3 increases instead. As the consume of O, La sulphides precipitate with the
increase of La content. The sequence of formation of La sulphides is La2S3 and
LaS. However, no As-bearing inclusions form.

To further verify whether LaAsO4 can form in the molten steel, the Wagner
activity module was used in this section. The activity coefficient was calculated by
formula (2). The activity was calculated by formula (3). The interaction coefficients
are listed in Table 3. In the calculation, 0.10 mass% La was chosen (Table 4).

LaAsO4ðSÞ ¼ ½La� þ ½As� þ 4½O� ð1Þ

log fi ¼
Xn

j¼1

e ji ½wt%j� ð2Þ

ai ¼ fi½wt%i� ð3Þ

Fig. 5 Effect of La content
on the precipitation of
inclusions (T = 1600 °C)
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The actual activity product of La, As and O under 1600 °C was calculated to be
9.37 � 10−14. Because the interaction coefficient of elements is not much different
between 1500 and 1600 °C, we use 9.37 � 10−14 as the activity product of the
melting temperature interval.

On the other hand, Ihsan Barin found that the relationship [10] between the
equilibrium activity product of La, As and O and temperature can be expressed by
formula (4), and it is calculated to be 2.8 � 10−4 under 1600 °C.

Log aLa � aAs � a4O
� �

eq¼ �56;046:16=Tþ 26:37 ð4Þ

We put the two activity products of La, As and O in the same picture; Fig. 6
shows that the LaAsO4 cannot generate under 1600 °C.

During the solidification, La, As and O elements in the solidification front are
continuously enriched due to the redistribution of solutes in semi-solid area. When
they are enriched to a certain extent, the actual activity product of elements La, O

Table 3 Interaction coefficients of solutes used at 1873 K (1600 °C)

j

i C Si Mn P S O Al As La

O −0.421 −0.066 −0.021 0.07 −0.133 −0.174 −1.17 −5

As 0.25 0.054 −0.031 0.0037 0.296

La 0.03 0.28 −79 −43 −0.0078

Table 4 Activity coefficient and activity value of O, As and La

fO aO fAs aAs fLa aLa
0.9803 0.0042 1.0046 0.0301 1.0027 0.01

Fig. 6 The equilibrium
activity product and the actual
activity product of La, O and
As
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and As will be greater than the equilibrium activity product. Then, LaAsO4 will be
generated.

Therefore, the Brody-Flemings model was used to analyse the non-equilibrium
solidification process. The micro-segregation equation is as follows:

CL ¼ CO½1� ð1� 2a0kÞfS�ðk�1Þ=ð1�2a0kÞ ð5Þ

where CL is the concentration of solute in the liquid phase at the solidification front,
wt%; C0 is the initial concentration of solute in the alloy, wt%; fS is the coagulation
fraction; a0 is the modified Fourier number; k is the solute partition coefficient.

a ¼ 4DSsS=k
2 ð6Þ

a0 ¼ að1� e
�1
a Þ � 1

2
e
�1
2a ð7Þ

where DS is the diffusion coefficient of solute in solid phase; sS is the partial
solidification time, s;

sS ¼ TL � TSð Þ=RC ð8Þ

where TL is the liquidus temperature, K; TS is the solidus temperature, K; RC is the
cooling rate, K s−1.

The relationship between the secondary dendrite arm spacing and the cooling
rate is [11]:

k ¼ 183� 10�6 RCð Þ�0:3616 ð9Þ

where k is the secondary dendrite arm spacing, m.
The cooling rate Rc in this paper is 0.0324 K/S.
The temperature T of the solidification front liquid phase is obtained by formula

(10) and then brought into formula (4) to calculate the equilibrium activity product
of the solidification processes La, O and As.

T ¼ T0 � T0 � TL
1� fs

TL�TS
T0�TS

ð10Þ

T0 is the melting point of pure iron and the temperature is 1808 K. TL and TS are
the temperatures of liquidus and solidus of the used steel, which were calculated to
be 1740 and 1624 K, respectively.

Figure 7 shows that the value of the actual activity product during the end of
solidification exceeds the value of the equilibrium activity product, so LaAsO4 is
possibly generated.
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Conclusions

(1) When no rare earth is added, elements O, Si, Mn and Al usually form com-
posite inclusions, so Al and Si play the role of deoxidation. S is mainly in the
form of MnS. After adding La, O usually forms AlLaO3, La2Al2O6 and La2O2S
inclusions, and S usually forms La2S3, La3S4, LaS and La2O2S inclusions.
Therefore, it can be concluded that La has a good deoxidation and desul-
phurization ability.

(2) Through the calculation of the non-equilibrium solidification process, it is
confirmed that LaAsO4 can form during the solidification process due to the
enrichment of the solidification frontier elements.
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