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Abstract: Liquidus temperatures of mould fluxes for
casting of Ti-stabilized stainless steel were determined
by differential thermal analysis (DTA) techniques in the
present work. Multiple DTA curves were employed to guar-
antee better accuracy for liquidus temperature determina-
tion. To investigate effect of compositions change on so-
lidification of mould fluxes during casting of Ti-stabilized
stainless steel, changes of liquidus and solidus tempera-
tures with TiO, substitution for SiO, in mould fluxes were
studied. It was found that TiO, substitution for SiO, in
mould fluxes would lead to decrease of liquidus tem-
perature. Thermodynamic package FactSage was also em-
ployed to calculate the liquidus temperature of mould
fluxes. The calculated results were compared with experi-
mental data, and discrepancy between calculated and ex-
perimental liquidus temperatures was discussed.
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1 Introduction

Mould fluxes play an important role in continuous casting
operation [1]. The major functions of mould fluxes are:
(1) protecting steel from oxidation; (2) providing thermal
insulation of steel; (3) Absorbing inclusions in steel; (4)
providing lubricity between mould and steel shell; (5)
Control on the horizon heat transfer. The latter two func-
tions are key functions of mould fluxes for successful
casting operation.

In continuous casting practice, mould fluxes are fed
on the top of liquid steel pool and form liquid layer. Liquid
slags infiltrates into gap between steel and mould. A part
of liquid slag solidifies to form solid slag layer, and rest

part form a liquid film to lubricate the steel shell. The solid
slag layer controls the horizontal heat transfer between
mould and shell. The thickness of solid and liquid is es-
sential to functions of lubricity and heat transfer control.
At present, thickness of solid slag film are often charac-
terized by breaking temperature, below which there is a
marked increase of viscosity [2]. However, breaking tem-
perature is determined in non-equilibrium state and is af-
fected by cooling rates and viscosity measurement condi-
tions. The liquidus temperature would be a better quantity
in theoretical consideration.

The casting of Ti-stablized stainless steel would bring
many difficulties [3]. One of the most important difficul-
ties is the pickup of TiO, in mould slags. The major reason
is that titanium in steel could be oxidized by SiO, in mould
powder to form TiO, and cause an increase of TiO, concen-
tration in mould fluxes [4] and possible reaction is repre-
sented as: [Ti] + (SiO,) = [Si] + (Ti0,). The increase of TiO,
concentration in molten mould fluxes could lead to the
change of many properties of mould fluxes, e.g. viscosity,
liquidus temperature and crystallization behavior. There
are some reports [5-10] regarding the effect of TiO, con-
centration on the viscosity, solidification temperature and
crystallization. However, these studies were performed to
investigate the TiO, effect on mould fluxes at fix basicity
(defined as Ca0/SiO,). While during process of oxidation
reaction, the basicity should increase with the decrease of
Si0,. Therefore, investigation on the substitution of TiO,
for SiO, in mould fluxes would be more beneficial to the
industrial practice.

Thermodynamics databases, such as FactSage [11],
Thermo-Calc [12] have been extensively applied in process
metallurgy. FactSage package has been employed to study
the crystallization product of mould fluxes in casting of
Ti-stabilized stainless steel [9]. However, due to scarcity
of experimental data in slag system bearing fluoride, the
accuracy of data generated by thermodynamic software
package is questionable. Application of commercial ther-
modynamic package in study of mould fluxes need to be
testified using experimental data.

In the present work, the liquidus temperatures of
mould fluxes were determined by differential thermal
analysis (DTA) techniques. The effect of TiO, substitution
for SiO, in mould fluxes on liquidus temperature was
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investigated. FactSage thermodynamic package was also
employed to calculate the liquidus temperature of mould
fluxes. The calculated results were compared with experi-
mental data.

2 Experimental

2.1 Sample preparation

The raw materials for preparation of mould fluxes were
analytical grade TiO,, SiO,, MgO, Al,0,, Na,CO,, CaCO, and
CaF, (Purity of all reagent >99%). Na,CO, and CaCO, were
substitutes for Na,0 and CaO due to their stability in air.
Premelted samples with different compositions were
prepared by conventional melting and quenching method.
Raw materials were well mixed in mortar, and then taken
into a platinum crucible. Melting was carried out in a
Muffle furnace at approximately 1573 K in air atmosphere.
The samples were held at the setting temperature for
nearly 2 h to make sure complete melting and homoge-
nization. Thereafter, melts were quenched by dipping
sample into water and bulk glassy samples were formed.
Chemical compositions of the pre-melted slag samples
were analyzed using X-ray fluorescence spectroscopy
(XRF-1800 from Shimadzu) before the DTA measurements.
The nominal chemical compositions of the slag and mea-
sured chemical composition of the premelted slags are
presented in Table 1. It could be seen that measured chem-
ical composition of premelted slags is in consistence with
nominal chemical composition of premelted slags except
concentrations of CaO and CaF,, which could be due to
accuracy of XRF measurements for F element or HF evap-
oration. Measured compositions of the present samples by
XRF were adopted in the present work. All these glass
samples are proved to be amorphous by X-Ray diffrac-
tion. Powder X-ray diffraction measurements were carried
out on a M21X-SRA X-ray diffractometer (MAC Science)

Table 1: Chemical composition of the studied mould fluxes

DE GRUYTER

equipped with graphite crystal monchromator in air. The
XRD patterns were collected with Cu-Ka radiation.

2.2 Differential thermal analysis

The glass samples were pulverized into powder (150~200
mesh) for differential thermal analysis (DTA). Differential
thermal analyses and thermogravimetry (TG) were per-
formed on the glass powder samples at the range of
373~1473 K using differential thermal analyzer (Model:
Netzsch STA 449C, Germany) at different heating rate
(10 K/min, 20 K/min and 30 K/min) in argon atmosphere.
ALO, was adopted as a reference material. Temperature
for DTA was calibrated using the melting points of the
high purity substances and an internal calibration file was
established.

2.3 Thermodynamic calculation

Liquidus temperature of mould fluxes was calculated in
the present work using FactSage databases (version 6.2).
The thermodynamics of slag phase was described by a
modified quasichemical model proposed by Pelton et al.
[11]. The newest version (6.2) of FactSage compound and
solution database, FTOxide, contains data for pure oxides
and oxide solutions of 20 elements as well as for dilute
solutions of S, SO,, PO,, H,0/OH, CO,, F, Cl, I in the molten
slag phase, therefore can provide a comprehensive ther-
modynamic description for slag phase. The “Equilib”
module provides the functions of multi-phase equilibrium
calculation using Gibbs energy minimization routine.

3 Results and discussion

Fig. 1 shows DTA curves of samples with TiO, con-
centration of 0%, 5% and 10% at different heating rates of

Sample Composition (wt.%)
no.
a0 sio, AL0, MgO Na,0 CaF, Tio,
1 Nominal 30.5 38 6 1.5 10 14 0
Measured 32.63 38.39 6.54 1.48 10.8 10.16 0
2 Nominal 30.5 33 6 1.5 10 14 5
Measured 35.53 31.06 6.41 1.67 10.44 9.19 5.7
3 Nominal 30.5 28 6 1.5 10 14 10
Measured 32.5 28.58 6.83 1.61 10.43 9.17 10.87
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Fig. 1: DTA curves at different heating rates: (a) sample 1,

(b) sample 2, (c) sample 3
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Fig. 2: TG curves at heat rate of 10 K/min for different samples

10 K/min, 20 K/min and 30 K/min. There are several endo-
thermic peaks found in DTA curves from 1073 K to 1473 K,
which corresponding the melting process of samples. Fig.
2 shows TG curves of samples with TiO, concentration of
0%, 5% and 10% at 10 K/min. It could be found in Fig. 2
that overall weight loss during TG-DTA measurements is
less than 1% for all samples, which indicates that evapo-
ration during TG-DTA measurements is negligible. It was
found by many researchers that strong supercooling effect
was associated with liquidus temperature determination
by cooling DTA [13]. Therefore, heating curves were em-
ployed in the present study for determination of liquidus
temperature. Moreover, glassy samples were adopted to
obtain better chemical homogenization of samples. Ac-
cording to our previous study [14] on crystallization of
the same samples, glassy samples undergo glass transi-
tion and crystallization of cuspidine and CaTiO, before
melting. In order to determine phases during melting
process, sample 2 was heated at 1403 K for 20 minutes,
then subject to XRD analysis. XRD pattern (Fig. 3) showed
that main phases were amorphous phase, cuspidine and
perovskite. Therefore, endothermic peaks at present DTA
curves could be attributed to melting of cuspidine and
perovskite for TiO, containing samples.

Fig. 4 illustrated the method to determine solidus and
liquidus temperature from a single DTA curve according
to suggestion from Boettinger et al. [13]. Solidus tempera-
tures of all samples are determined as the onset tempera-
ture of the first peak in DTA curves. As shown in Fig. 4,
onset temperature is taken as the intersection of a linear
fit to the downward sloping linear section of the peak and
extrapolation of the baseline. The last thermal peak tem-
perature is set as the liquidus temperature.

As can be seen in Fig. 1(a), two apparent endother-
mic peaks corresponding to heat effect due to melting of
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Fig. 3: XRD pattern for sample 2 heating at 1347 K for 20 min
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Fig. 4: Example for determination of liquidus and solidus
temperature (DTA curve for sample 2 at 30 K/min)

sample could be found in DTA curves. After carefully ob-
servation, the second peak could be composed of two
close peaks. Thereafter, the peak temperature of last peak
would be designated as liquidus temperature for sample
without TiO,. It could be seen from Fig. 1(b) that there
appear two endothermic peaks due to melting of sample.
liquidus temperature was determined as peak tempera-
ture of the second peak. It can be seen in Fig. 1(c) that
there is only one endothermic peak in DTA curves of
sample 3, as solidus temperature of sample 3 is very close
to liquidus temperature.

Fig. 5 shows that determined liquidus temperature of
three samples varied with different heating rates. It is well
known that liquidus temperatures determined by heating
or cooling DTA curves changes with heating or cooling
rates [13]. During heating, peaks for determination of lig-
uidus temperature move to high temperature with in-
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Fig. 5: Liquidus temperatures as functions of heating rates
for samples

crease of heating rates. Many works on determination of
liquidus temperature were performed at a single heating
or cooling rate of 10 K/min or 5 K/min [15]. This would
bring some uncertainty on measured values. In the present
work, liquidus temperatures for various samples were de-
termined by using multiple DTA curves. It is assumed that
a linear correlation exists between liquidus temperature
and heating rate, and then relationship between deter-
mined liquidus temperatures and heating rate was estab-
lished by fitting the curves. Since liquidus temperature is
a thermodynamic quantity in equilibrium that could only
be reached at infinite small heating or cooling rate. Liqui-
dus temperatures were determined by extrapolation to
heating rates of 10 K/min. Linear correlations between lig-
uidus temperature and heating rate for samples investi-
gated can be obtained by fitting the curves as follows:

Sample 1 T, =1357+0.608 6y}
Sample 2 T, =1349+0.755 2)
Sample 3 T, =1292+0.5503 3)

where T is liquidus temperature in (K), Sis heating rate in
K/min.

As shown in Fig. 6, solidus temperature also increased
with increase of heating rates. Linear correlations between
solidus temperature and heating rate for samples investi-
gated was also established as follows:

Sample 1 T, =1274+0.450 (4)
Sample 2 T, =1262+0.158 5)
Sample 3 T, =1271+0.158 6)
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Fig. 6: Solidus temperatures as functions of heating rates
for samples
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Fig. 7: Liquidus and solidus temperature as a function of
concentration of TiO, in mould fluxes

Liquidus temperatures at zero heating rate were deter-
mined by extrapolation according to Egs. (1) to (3) Deter-
mined Solidus and liquidus temperatures. Fig. 7 show
liquidus temperatures and solidus temperatures of slag
samples as functions of TiO, content in slags. It could be
seen that liquidus temperature decrease with increase of
TiO,. Hao et al. [5-6] investigated the solidification tem-
perature of mould fluxes in stainless steel casting with
addition of TiO, using cooling DTA curves. They found
that solidification temperature decreases with increase of
TiO, concentration in slags. Despite the difference in slag
composition and analytical technique, the present result
is in consistence with their observation. Sun et al. [10] de-
termined breaking temperature of slags with additions
of TiO, and found that breaking temperature of slags in-
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Table 2: Comparison between measured and calculated liquidus
temperature

Sample Experimental liquidus Calculated liquid temperature
no. temperature (K) by FactSage (K)
1 1357 1635
2 1349 1582
1292 1530

creases gradually and then increase sharply with increase
of TiO,. Breaking temperature became minimum with
10% TiO, addition. Since the maximum TiO, content in the
present work is 10%, our result is also consistent with
theirs. It could be also seen that solidus temperature
remains almost the same as TiO, increases.

There are many empirical correlations to calculate
the solidification, breaking temperature and liquidus tem-
perature of mould fluxes reported in literature [16]. One
correlation for liquidus temperature of mould fluxes is as
follow

T}, (K) = 1191 + 11.4%Si0, — 11.0%Ca0 + 4.2%A1,0,
+5.7%MgO — 10.1%Na,0 — 15.8%K,0 + 1.9%F
+ 8.3%Fe,0, + 11.6%MnO + 273 @)

It would be interesting to compare our measured liquidus
temperature with calculated liquidus temperature, solidi-
fication temperature or breaking temperature. However,
this correlation does not include TiO, as a component in
their equation. Thereby, calculations were only made in
sample 1 free of TiO,. Calculated liquidus temperature by
Eq. (7) is 1399 K, while our measured liquidus temperature
is 1357 K. The deviation is about 42 K, which is almost the
same as deviation claimed (35 K) by the author [16].

A linear regression on liquidus temperature ~ TiO,%
curve provides a slope of —5.9 K/%Ti0,. Combining Eq. (7)
with the present work, a correlation which takes TiO, into
consideration could be obtained as follows:

Ty, (K) = 1191 + 11.4%Si0, — 11.0%Ca0 + 4.2%A1,0,
+5.7%MgO — 10.1%Na,0 — 15.8%K,0 — 5.9%Ti0,
+ 1.9%F + 8.3%Fe,0; + 11.6%MnO + 273 (8)

The liquidus temperatures of the samples were
also calculated with FactSage thermodynamic software
package. FTOxide solution and compound databases are
employed in the present study. The comparison between
the experimental liquidus temperature data and the cal-
culated values is shown in Table 1. It could be seen that
calculated liquidus temperature decreases with increase
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of TiO, content, which is in line with the present measure-
ments. However, there exists a large discrepancy between
experimental liquidus temperature data and the calcu-
lated values using FTOxide databases. The largest differ-
ence could be more than 200 K. This large discrepancy
could be attributed that slag systems containing fluoride
are not well optimized in the FToxide database for lacking
experimental phase equilibria data.

4 Conclusion

Multiple DTA measurements at different heating rates
were performed to determine solidus and liquidus tem-
perature of mould fluxes in the present work. Linear cor-
relations between liquidus temperature and heating rate
for samples investigated were established. As content of
TiO, in mould fluxes increases, liquidus temperature
of mould fluxes decreases. A thermodynamic package,
FactSage, was also employed to calculated liquidus tem-
perature of mould fluxes. Liquidus temperatures calcu-
lated by FactSage package show similar changes with
content of TiO,, however, a large discrepancy between cal-
culated values with measured values exists.
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