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Abstract
Casting powders are commonly used in continuous casting of steels. The chemical composition of these powders is based

on various oxides, carbonaceous materials and fluoride compounds. The purpose of fluorite (CaF2) addition is to control

viscosity, fluidity temperature and cuspidine crystallization during casting. Unfortunately, fluoride compounds are lost in

the vapour phase during the casting operations, due to the high vapour pressure of these compounds. In view of the

environmental problems associated with the evaporation of fluoride from the casting powders, a kinetic study on the

fluoride evaporation was carried out. Three commercial casting powders with different fluoride contents (between 2.6 and

10.6 mass%) were selected in this study. Powders characterization includes the melting behaviour determined by hot stage

microscopy, the physical properties such as viscosity estimated by Fact Sage 7.1 and surface tension calculated on the base

of contact angle measurements. The crystallization tendency of the samples was determined by microscopy observations on

samples quenched from 1300 �C. The emission study includes thermal analysis (DTA–TG) tests. The different phases

present in the system were predicted through thermodynamic simulation. The gaseous species predicted were: NaF, KF,

(NaF)2, NaAlF4, KAlF4 and SiF4. It was possible to establish that the fluoride gases emissions occur when the samples

present liquid phases. The type of fluoride gas is determined by the chemical composition of the casting powders, while the

percentage of emissions depends on both the viscosity and surface tension of liquids.
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Introduction

Casting powders (or mould powders) play important roles

in the continuous casting of steel, such as protecting the

molten steel from oxidation, absorbing inclusions, provid-

ing thermal insulation, lubricating the strand and control-

ling heat transfer between the mould and the steel shell. All

these functions are mainly controlled by the chemical

composition, physical properties such as viscosity, surface

tension and crystallization tendency. The chemical com-

position of the casting powders is based on various oxides,

carbonaceous materials and fluoride compounds such as

fluorite (CaF2) to control the viscosity, fluidity and crys-

tallization of these materials during the process [1]. These

properties are essential to predict the lubrication and heat

transfer performances of casting powders in the continuous

casting process.

The purpose of adding fluorite (CaF2) up to 10 or

12 mass% is to decrease the slag viscosity, to decrease the

liquidus temperature and to increase the precipitation of

cuspidine (Ca4Si2O7F2) at the mould-strand gap. Unfortu-

nately, during the steel casting operations, fluorides com-

pounds promote the formation of gaseous phases, by

reaction among with the CaF2 and some of the species

present in the slag. In addition, humidity in the flux can

react with CaF2 resulting in the formation of HF. The gases

emissions tend to cause many problems, such as environ-

mental pollution (contamination of cooling water and the

atmosphere), corrosion of casting facilities and health

problems to the operators [2, 3]. For this reason, it is

necessary to increase the knowledge on the kinetic of flu-

orides evaporation from casting powders at continuous

casting conditions.

Currently, global demand for steel products is constantly

increasing. Therefore, it is necessary to have a better
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understanding of steel production and its relation to sus-

tainable development, human health and the environment.

In spite of its industrial importance, the phase equilibrium

of fluorine contained in oxide systems has not been well

investigated due to the complexity of their chemistry and

the difficulties in performing experiments [4]. Thus, no

systematic thermodynamic modelling of these systems has

been conducted to date.

Persson et al. [2] inform that fluorine and alkaline

emissions, produced during the casting process, cause

variations in the viscosity values due to changes in the

chemical composition of the casting powders. Sasaki et al.

[5] comment that the partial substitution of fluorine anions

for oxygen in molten silicates and aluminosilicates shows

drastic effects on physical properties, such as the fluidity

(as the inverse of viscosity) and the melting point of sys-

tems. They provide important structural information

determined by Raman spectroscopy. Tian et al. [6] confirm

that the surface tension of the glassy phases determines the

growth of the bubbles in the molten glass, and this factor is

relevant for the gases emissions. The stability of some

systems which present different oxides was also studied by

different researchers such as Wang [7] and Mills [8]. The

crystallization tendency is an important factor to control

the heat transfer in the mould gap. The main crystalline

phase generated at process conditions is cuspidine

(3CaO�2SiO2�CaF2) which presents fluorine in its chemical

composition.

In this work, the kinetics of fluorides emissions was

studied by DTA–TG tests, performed on three commercial

casting powders with different fluorite contents. These

results were correlated with both information obtained

through the thermodynamic simulation and physical prop-

erties determined at different temperatures. In order to

know the melting behaviour of these powders, three critical

temperatures: TS (softening temperature), TH (hemisphere

temperature) and TF (fluidity temperature) were determined

by hot stage microscopy (HSM). The viscosity was esti-

mated by thermodynamic simulation using the software

FactSage 7.1. The surface tension is calculated on the base

of the contact angle measurements carried out by HSM on

all the casting powders selected in order to justify the gas

emissions. The crystallization tendency and other structural

aspects were studied in this paper by different microscopy

techniques: light and scanning electron microscopy (SEM)

with EDS analysis. Gases, liquid and solid phases were also

identified by thermodynamic simulation of the system at

different temperatures. It was possible to corroborate that

the fluoride evaporation occurs when the mould fluxes

present one or more liquid phases during the melting of the

casting powder. It is important to note that during the last

years, large thermodynamic databases of multicomponent

oxides systems have been developed and parameters have

been optimized in order to reproduce all reliable experi-

mental data within experimental errors [9, 10]. The infor-

mation obtained through FactSage 7.1 in this study presents

a valuable contribution in order to understand the complex

systems associated with the casting powders at process

conditions. The structural observations analysed by SEM–

EDS allow corroborating results obtained by thermody-

namic predictions.

Methodology

In this paper, the emissions study includes results of DTA–

TG integrated with thermodynamic simulation that pro-

vides useful information, at a certain temperature, about

phases (gas, liquid and solid) present in the system (in-

cluding their chemical composition). The present work

consists of two parts: (a) the characterization of the casting

powders samples and (b) the study of the emissions pro-

duced by these powders at continuous casting conditions.

The chemical composition of casting powders was

determined combining X-Ray fluorescence (XRF) and wet

techniques.

The melting behaviour of samples was analysed by hot

stage microscopy test (HSM) determining the critical

temperatures: TS (softening temperature), TH (hemisphere

temperature) and TF (fluidity temperature). Samples used in

HSM tests were cylindrical compacts 5 mm in diameter

and 5 mm in height. Heating rates of 5 �C min-1 were

employed in all HSM runs.

Using the HSM images, the contact angle was deter-

mined. The surface tension was estimated by mathematical

calculus on the base of the contact angle measurements.

The viscosity of the different liquids was estimated at

different temperatures applying FactSage 7.1, considering

the viscosity module and the glass option.

The crystallization tendency and the characterization of

the crystalline and glassy phases were carried out by

optical microscopy using an Olympus GX51 microscope

(with image analysis system Leco IA 32), and by scanning

electronic microscopy (SEM) using a FEI QUANTA 200F

equipment (with EDS). Samples were included in resin and

polished with SiC papers from 320 to 1000 grit, then with

diamond paste from 6 to 1 lm and the final polishing was

carried out with Al2O3 (particle size of 0.03 lm) suspended

in distilled water, in Vibromet vibratory polisher. The

SEM–EDS analysis allowed to corroborate the results

obtained by thermodynamic predictions.

The study of casting powder emissions was performed

by differential thermal analysis and thermogravimetry

(DTA/TG) up to 1450 �C in air using a SHIMADZU DTG-

60/60H instrument, at a heating rate of 10 �C min-1.

Samples of 10 mg were tested in powder form in alumina
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crucible without purge gas. A similar mass of Al2O3

(10 mg) was used as reference material.

Experimental results were correlated with those

obtained from Fact Sage 7.1 simulations. In this case, the

Equilib module and the databases FToxid and FTmis were

employed.

Results and discussion

Three commercial casting powders (named A, B and C)

with different content of fluorite (CaF2) and CaO/SiO2 ratio

(basicity index BI) were selected in this study. The per-

centage (mass%) of oxides and CaF2 present in these

materials are shown in Table 1.

According to Table 1, the range of CaF2 was

2.6–10.2 mass%, and the basicity CaO/SiO2: 0.70–0.87.

The casting powders in the industry are selected

according to the steel grade, the type of product (slabs,

billets, etc.) and the casting process conditions (casting

rate, cooling capacity, etc.) [1]. In practice, powders A and

B are applied for low and medium carbon steel slab pro-

duction, while powder C is applied in steel billet casting.

Casting powders characterization

The melting behaviour of the samples was determined by

HSM tests. The results are described by three critical

temperatures: TS, TH and TF. In Table 2 are listed the

critical temperatures determined from the melting range of

casting powders.

The softening temperature (TS) is considered the point at

which the formation of liquid phases begins. As an

example, Fig. 1 shows typical images corresponding to

critical temperatures of sample C. In all runs, the initial

temperature (indicated as TI) was 20 �C.
From Table 2, it is observed that the samples A and B

(used for low and medium carbon steels) present the lowest

critical temperatures and in consequence present liquid

phases at a lower temperature range than sample C. During

casting of steel, long products (such as billets) casting

powders with high critical temperatures such as those

shown in sample C are used [1].

The surface tension (c) during melting was established

on the base of the contact angle (h) measurements and

mathematical calculus from the Eq. 1 [11]:

c ¼ h2 � q � g
2 � ð1� cos hÞ ð1Þ

where h is the height of drop (in m), q is the density of melt

(in kg m-3) and g is the acceleration of gravity (in m s-2).

The values of surface tension (in mN m-1) estimated at the

fluidity temperature of each casting powders are listed in

Table 2. The density of the liquid mould slag is calculated

from partial molar volumes (V = M/q where M = molec-

ular weight) as shown in Eqs. 2, 3 and 4 according to Mills

[12]:

V1773 ¼
XN

i¼1

ðXiViÞ ð2Þ

VT ¼ V1773 þ 0:001 T � 1773 Kð Þ ð3Þ
VT ¼ M=qT ð4Þ

Samples A and B present the lowest values of surface

tension at TF (fluidity temperature). The highest c value in

the sample C is justified by the impact of the Al2O3 content

(14.4 mass%). The influence of Al2O3 addition on the

surface tension of high alkali aluminosilicate glasses

(SiO2–Al2O3–RO–R2O) was studied by Tian et al. [6].

They concluded that the surface tension of these glasses

increased approximately linearly when Al2O3 content

increased from 5 to 20 mass%.

The viscosity, estimated by FactSage simulation, at the

temperature range between 1300 and 1400 �C is plotted in

Fig. 2. The highest viscosity is obtained for the sample C

(used in billet casting). It is observed that the lowest vis-

cosity values are determined for the samples A and B. It is

important to note that the higher content of CaF2 in casting

powders promotes lower values of melting temperatures,

surface tension and viscosity. These results are consistent

with those informed by Mills [8].

Table 1 Chemical composition

of the casting powders
Powder BI SiO2 Al2O3 CaO MgO MnO Na2O K2O TiO2 B2O3 Fe2O3 CaF2 P2O5

A 0.87 36.5 5.0 31.8 1.5 – 12.3 0.6 – 0.3 1.4 10.2 –

B 0.81 33.7 2.4 27.4 1.6 0.05 11.3 0.5 – – 1.6 9.0 0.4

C 0.70 31.6 14.4 22.2 2.1 0.30 – 1.6 1.0 – 3.4 2.6 0.5

Table 2 Critical temperatures of casting powders and surface tension

estimated at TF

Powder TS/�C TH/�C TF/�C c/mN/m

A 1072 1091 1134 195

B 1077 1094 1130 194

C 1174 1187 1255 203
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Other important factor in the continuous casting is the

crystallization tendency of casting powders, because it

affects the heat transfer in the mould and could produce

cracks in the steel product [13]. The surface cracking of

continuously cast steel has drawn the attention and focus of

many researchers, since it affects the efficiency of the

casting process [13].

The structural characteristic was evaluated on samples

quenched from 1300 �C. Figure 3 presents images of the

samples with the highest and lowest contents of CaF2,

sample A (10.2%) and C (2.6%), respectively. In Fig. 3a is

observed a crystalline layer formed at the surface of the

quenched sample A, while in sample C no crystalline

phases were observed (Fig. 3b).

The study shows that samples A and B present a thin

surface layer of crystals, such as the observed in Fig. 3a.

By EDS, it was possible to identify cuspidine

(3CaO�2SiO2�CaF2) as the main crystalline phase presents

in both samples (A and B). Cuspidine is the characteristic

crystalline phase present during cooling of mould powders

containing fluorine [14]. This information is consistent

with those informed in [4] and it was corroborated by

thermodynamic simulation of these systems (samples A

and B) at the same temperature conditions. The presence of

cuspidine demonstrates that part of fluorine is retained in

the material in a solid crystalline phase.

On the other hand, sample C is fully glassy. The pores

observed in different zones of quenched samples confirm

the gaseous emissions from the melted casting powders at

1300 �C.

Casting powders emissions

In order to evaluate the percentage of mass loss and the

phase transformations present in the powders, at the tem-

perature range: 900–1300 �C, the DTA and TG curves

were considered. These curves are visualized in Figs. 4–6.

The gas phases identified for each sample are indicated in

the curves associated with the emission temperature.

TI TS TH TF

Fig. 1 HSM images at critical temperatures corresponding to sample C
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Fig. 2 Viscosity estimation of casting powders applying FactSage

Fig. 3 Structural aspect of the samples quenched from 1300 �C: a powder A and b powder C
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From the chemical compositions, the viscosity at

1400 �C of the liquids present in sample A (L1A and L2A),

sample B (L1B) and sample C (L1C and L2C) was estimated

applying FactSage (module: MELTS). The values of g (in

dPa s) are listed in Table 3.

Figures 4–6 show that at lower temperatures the main

mass losses are produced by humidity loss (up to

& 200 �C), and decompositions of carbonaceous materials

and carbonates (between 400 and 850 �C).

Figure 4 shows TG and DTA curves of sample A,

containing 10.2% CaF2 and NaO2 (12.3 mass%), K2O

(0.6 mass%) and B2O3 (0.3 mass%).

Fluoride gases emissions in all the samples start

from & 1000 �C, when the melting of the sample starts

and the first liquid phases are present in the system.

Table 4 shows a comparison between the fluidity temper-

atures of the samples, obtained through HSM and DTA

tests. It is relevant to mention that HSM test does not

determine the melting point. However, the fluidity tem-

peratures obtained by both methods are consistent.

In sample A, two liquid phases are predicted in the

system at 1000 �C: L1A and L2A. At this temperature,

volatile species NaF, KF and (NaF)2 are predicted. The

results obtained by DTA–TG are consistent with the

melting behaviour of the sample determined by HSM. The

emissions finished at & 1400 �C. On the base of the

chemical composition of the liquids L1A and L2A (at

1400 �C), it was possible to estimate the viscosity of both:

(L1A) = 1.1 dPa s and (L2A) = 0.2 dPa s. Namely, both

liquids have relative low viscosity.

The curve indicates that the mass loss between 1130 and

1300 �C is Dm/m0 = 3.1%.

Two powerful surfactants are present in both liquid

phases: CaF2 and B2O3, justifying the lowest surface ten-

sion obtained in sample A at TF (& 1130 �C). Namely,

these surfactants promote the sodium and potassium fluo-

rine gases emissions from the liquid phases (L1A and L2A).

One part of the F- ions is trapped in the cuspidine crys-

talline phase (present in the surface crystal layer observed

by optical microscopy) and the rest remains in the glassy

phase as it is mentioned by Zhou et al. [15]. By FactSage,

which uses a Gibbs energy minimization routine, the solid

phases were corroborated.

Similar phenomena were found in sample B (9.0% CaF2
and contents of NaO2 = 11.3%, and K2O = 0.5%). This

sample also presents a mass loss (Dm/m0 = 4.1%) between

1140 and 1270 �C (Fig. 5). The main fluorine gases

emissions start from & 1140 �C when the liquid phase L1B
is formed in this system (consistent with the fluidity tem-

perature determined by HSM). Gaseous species: NaF, KF

and (NaF)2, similar to those predicted to sample A are

expected. The estimated viscosity of this liquid at 1400 �C
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Fig. 4 DTA/TG curves with gases emissions detail of casting powder

A

Table 3 Viscosities of liquids

present at 1400 �C Liquid g/dPa s

L1A 1.1

L2A 0.2

L1B 2.4

L1C 18

L2C 25

Table 4 Comparison between the fluidity temperatures obtained by

HSM and by DTA

Powder TF/�C (HSM) TF/�C (DTA)

A 1134 1130

B 1130 1127

C 1255 1254
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TmPowder BNaF

(NaF)2

KF

1215 °C
1160 °C

1100 °C

1270 °C

1140 °C

4.1%
5.0%

900 1000 1100 1200 1300

Temperature/°C

–22

–20

–18

–16

–14

–12

Δm
/m

o/
%

E
nd

o
E

xo
D

TA

Fig. 5 DTA/TG curves with gases emissions detail of casting powder

B
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is (L1B) = 2.4 dPa s. Although this liquid presents a

slightly higher viscosity than the liquids of sample A, it is

observed that the surface tension of sample B (determined

by L1B) at the fluidity temperature is similar to that of

sample A at TF (determined by L1A and L2A). Thus, the low

surface tension can be taking an important role in the

kinetic of gaseous emissions, as discussed below.

Finally, the sample C, with 2.6 mass% CaF2 and low

content of K2O (1.6 mass%), presents a total mass loss Dm/
m0 = 2.2% between 900 and 1200 �C. At higher tempera-

tures than 1200 �C, no mass losses were detected. The

main gases emissions of this sample are produced in the

temperature range 1100–1200 �C, and the gaseous species

include: KAlF4, KF and SiF4 because the powder do not

contain Na2O. Two liquid phases are predicted in this

system: L1C and L2C, with high viscosity in both cases:

g(L1C) = 18 dPa s., g(L2C) = 25 dPa s. In this case, both

high viscosity liquids with high surface tension at melting

temperatures are present in sample C.

The results obtained show that the chemical composition

of casting powders determines the type of gases emissions

produced. However, the percentage of emissions is con-

trolled by the viscosity and the surface tension (determined

by type and content of surfactants) present in the liquid

phases at process conditions. The higher basicity (CaO/

SiO2 & 0.8–0.9) and fluorite percentage (& 9–11 mass%)

present in samples A and B determine a low viscosity in the

liquids present at lower melting temperatures than sample

C. Also, these liquids (L1A, L2A and L1B) have lower sur-

face tensions than those liquids predicted in powder C (L1C
and L2C). Thus, low viscosity liquids facilitate the transport

of bubbles and ions mobility in the molten slag. According

to Zhang et al. [16], the decrease of the viscosity increases

both the growth of bubbles and the transport of gaseous

species from the melt to the bubble/slag (gas/liquid)

interface. In the same way, the surface tension of molten

slags also plays an important role to determine the growth

of the bubbles. In this case, a low surface tension of the

melt promotes that bubbles became spherical and growth

[6]. Higher size of bubbles increases fluorine gas species

emissions.

It is relevant to comment that the correlation of differ-

ential thermal analysis (DTA–TG) results with HSM

measurements and thermodynamic simulation allow to

understand the complex casting powders systems. This

type of tests is applied also for other glass systems as is

described in [17, 18].

Conclusions

Three casting powders with different percentages of CaF2
were monitored by DTA/TG. The emissions of different

fluorine-species were associated with both the viscosity and

the surface tension of liquids present at the emission tem-

peratures. Thermodynamic simulations permitted to com-

plete the complex phenomenon associated with the

emissions of fluorine gases in these materials.

Casting powders containing CaF2 produced different

types of fluorine gases according to the particular chemical

composition. From thermodynamic simulations, the main

gaseous phases were: NaF, KF, (NaF)2, NaAlF4, KAlF4
and SiF4.

Fluoride gas emissions occur at temperatures in which

the systems contain one or more liquids. The composition

of liquids affects the viscosity (lower viscosity was asso-

ciated with higher emissions of gases). On the other hand,

the type and content of surfactant affect the surface tension

(lower surface tension was associated with higher

emissions).
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