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Abstract: The desulphurization behavior of stainless steel by using lime-alumina based slag has been studied on a
laboratory scale. The sulphur capacity of the slag was calculated with the aid of FactSage software. Consequently, the
equilibrated sulphur distribution was then calculated. The effect of the experimental conditions, such as slag chemistry,
temperature and oxygen level of the molten steel on the desulphurization behavior was investigated based on the
experimental results and thermodynamic consideration. A kinetic model was developed to predict the evolution of
sulphur content in molten steel as a function of time, and a good agreement between experimental data and modeling
results was obtained. The sulphur removal rate in molten steel was found to be accelerated with increasing temperature
and initial sulphur content in the steel. The desulphurisation capability of optimized lime-alumina based slag was found

to be similar as that of lime-fluorspar based slag.
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1. Introduction

The top slags used in the ladle metallurgy serve the important functions, such as, (i) to absorb impurities (e.g. sulphur
and phosphorus) and inclusions from the liquid metal to form slag, (ii) to prevent the metal oxidation through air
infiltration and (iii) to limit the heat losses during the secondary metallurgical process. In stainless steel production,
after the scrap smelting in EAF and decarburization in AOD process, the AOD slag is removed and the top slag is added
during the ladle treatment process. In the ladle treatment, a basic slag with high fluorine content (i.e. CaO-SiO,-CaF,)
is commonly used due to its low melting temperature and high sulphur capacity. The final slag after the ladle treatment,
however, disintegrates completely due to the  to y phase transformation and is, therefore, not valorized at this moment.
In order to solve the slag valorization issue, an option is to develop a fluorine free, non-disintegrating slag while at the
same time not jeopardizing the quality of the steel products. In several countries such as Korea and Japan, CaF, has not
been used anymore due to environmental related issues such as fluorine leaching from slag. The removal of CaF, from
the system also provides several benefits (healthier environment on the work floor, lower refractory consumption in the
casting ladles, avoiding any fluorine leaching issues etc.). Thus, alternatives for CaF, slag are being studied in EU

countries.

The basic CaO-Al,0; synthetic slag system is considered as a potential substitute for the CaO-SiO,-CaF, slag. The
slags from this system contain around 50-55 wt% CaO, 40-45 wt% Al,03, <5 wt% SiO,, < 0.10 wt% C, and < 1 wt%
FeO. Consequently, these slags have a low oxidation potential (low oxygen activity), a low melting temperature (which

varies from 1350 to 1450 °C and reaches a minimum at around 42-48 wt% Al,O3) and a low viscosity (e.g. 0.16 to 0.36
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Pa-s at temperatures between 1600 and 1700 °C). Therefore, from both the thermodynamic and kinetic point of view,
this slag is an excellent refining agent, specifically for steel deoxidation and desulphurization. For example,
experimental data for low carbon steels (1600 °C, [Al] = 0.01 wt%) have shown that lime saturated CaO-Al,03-(SiO,,
MgO,) slags have a sulphur distribution ratios (L) > 10000

The desulphurization, as one of the major considerations in the optimization of the secondary metallurgy slag, has
been studied by several researchers. Xu et al.? found that the reaction rate of desulphurization through the permanent
contact reaction increased remarkably with the increase of CaF, in the range of 0-10% in CaO based slag. Iwamasa et
al.® confirmed that the existence of FeO in the CaO-SiO,-MgO slag decreased sulphur distribution between the slag
and steel and sulphur removal rate. Seshadri et al.l! applied a kinetic model to investigate the desulphurization of
molten pig iron by CaO based slag and indicated that the slag emulsion increased the sulphur removal rate. Andersson
et al.®! discussed the influence of the Al,0,/CaO ratio on sulphur capacity of CaO-Al,03-SiO,-MgO slag and
concluded that the increase of the Al,03/CaO ratio decreased the sulphur distribution between the slag and metal.
Muhmood et al. ! found that the low SiO, in CaO based slag resulted in a high sulphur diffusion coefficient and lead to
a fast desulphurization rate. On the other hand, there are a number of literatures available for studies on the sulphur
capacities in various slags’®®l. However, they did not consider stainless steelmaking slags. So far, only a few papers on
the slag control for desulphurization in the stainless steelmaking process has been available. The possibilities of the slag

control with respect to desulphurization and slag valorization have not been fully explored for stainless steel refining.

In the present work, laboratory experiments by using CaO-Al, 03 based slags were performed to simulate secondary
metallurgical process in stainless steel production. The sulphur capacity of the CaO-Al,05 based slags was calculated
with the aid of FactSage software. The effect of experimental conditions, such as slag chemistry, temperature and
oxygen level of the molten steel on desulphurization was investigated based on the measured results and
thermodynamic calculations. A kinetic model was developed to predict the evolution of sulphur in the molten steel as a
function of time. Desulphurization capability of the CaO-Al,O; based slags in the ladle treatment of stainless

steelmaking was discussed in comparison with the CaO-CaF, based slags.

2. Experimental
2.1 Materials

To simulate the ladle treatment process of stainless steel production, an austenitic stainless steel (grade 302) ingot
was collected after AOD process from a steel plant and it was employed in the laboratory experiments. Table 1 shows
the chemical composition of the steel ingot. The compositions of the top slags used in the tests are listed in Table 2. The
slag A, a mixture of lime (containing 94.5%Ca0, 1.5%Si0, and 1.5%MgO, % represents mass percent hereinafter) and
fluorspar (containing 90%CaF,, 2.5%Ca0 and 5%Si0,), is commonly used during ladle treatment in the stainless steel
plant. The slag B and D are CaO-Al,O; based synthetic slags (commercial products), which contain small amount of

SiO,, Fe,03, MgO and TiO,. The slag C is a mixture of the reagent grade oxides, i.e. CaO, Al,O3 and SiO,.



Table 1. The chemical composition of austenitic stainless steel used in the tests (in wt%)

C Mn P S Si Cr Ni Mo Cu Ti Co N Al B

0.03 1.2 0.03 0.0015 0.44 18.3 7.96 0.28 0.36 0.001 0.166 0.057 - 0.0006

Table 2. The chemical composition of top slag used in the tests (in wt%)

Slag type Ca0 Al,03 Fe,03 SiO, MgO TiO, CaF,
A 81.8 - - 2.13 1.26 - 14.81
B 40.0 455 2.5 6.0 1.0 4.0
C 55.0 40.0 - 5.0
D 50.0 40.4 2.1 4.3 0.6 1.7

Apart from the steel and slags, ferroalloys, i.e. FeSi, FeMn and FeS and aluminum were also employed in the

experiment. The composition of ferroalloys is given in Table 3.

Table 3. Chemical composition of the alloys employed in the laboratory experiment (in wt%)

Type of Ferroalloy Si Mn S Al Fe
FeSi 75 - - 2 23
FeS - - 38 - 62
FeMn - 85 - - 15
Al - - - 100

2.2 Experimental procedure

The laboratory experiments were performed in a vacuum induction furnace (type VSG 30, 60 kW power supply and 4
kHz frequency). A schematic diagram of the experimental set-up is shown in Fig. 1. A loading chamber, a sampling
device and a measurement tool were fitted on the furnace lid to allow slag addition, sampling, oxygen activity and
temperature measurements. Fifteen kilograms of austenitic stainless steel was melted under Ar atmosphere in a
magnesia crucible with inner diameter of 150 mm, outer diameter of 176 mm and the height of 275 mm, and with
compositions of 88%MgO, 3.5%Al,0;, 3.8%SiO, and 3.8%Ca0. The temperature of molten steel was controlled at
1600 to 1650 °C, followed by the addition of 8 g FeS alloy and 12 g FeMn alloy. Thereafter, the oxygen activity and
temperature of the molten steel were measured with Celox type B (provided by Heraeus Electro-Nite) and thermocouple
type B, respectively. Subsequently, a steel sample in conical shape (the upper diameter is 20 mm, lower diameter is 10
mm and the height is from 16 to 25 mm) was taken by dipping the spoon sampler into the liquid bath and rapidly
withdrawing it, followed by quenching. Then, a certain amount of slag together with 50 g FeSi alloy were added to the
molten steel through the loading chamber, meanwhile 3 g Al was added to molten steel in Test No. 3, 5, 6 and 7, and the
bottom Ar stirring was introduced in Test No. 6. After the first addition of the slag, the steel sample was taken at desired
time, then immediately followed by the second slag addition and another steel sampling at desired time. The same
procedure was followed for the third and fourth slag addition and sampling. The detailed experimental conditions are
listed in Table 4. At the end of the test, the temperature and oxygen activity of the molten steel were measured, then the

melt was poured into a mould. The slag sample was collected after the cooling down of the mould.
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Fig. 1. Schematic diagram of the experimental set-up

Table 4. Experimental conditions and procedures for each test

Test No. Slag type = Szlfdg add|t|on;rgd) 2 FeSi (g) Al (g) Arg(oLr}:]ti:;'lng
1 A 150 225 0 0 50 0 0
2 B 225 0 150 75 50 0 0
3 C 150 150 150 150 50 3 0
4 C 150 150 150 150 50 0 0
5 C 150 150 150 150 50 3 0
6 C 150 150 150 150 50 3 0.9
7 D 150 150 150 150 50 3 0

2.3 Sample analysis

The steel samples obtained during the tests were used for sulphur content measurement by LECO combustion
analysis (type CS-444, based on infrared absorption). The accuracy of sulphur analysis for CS-444 is +4 ppm. Each
steel sample was cut into small pieces (0.5-1.0 g) and cleaned with ultrasonic bath. At least two pieces of steel samples
were analyzed and the average sulphur amount was used as the total sulphur content in the steel sample. The slag
composition was analyzed with X-ray fluorescence spectrometer (XRF, Philips PW 2400). The slag was collected after
the mould cooled down and crushed into small fragments (< 4 mm) with Jaw crusher, followed by a centrifugal grinding
mill to reduce the particle size to 80 um. The Sieves with a size of 0.5 mm and 0.08 mm were used during the milling.
Then the milled slag sample was collected in a container and uniformly mixed. Five grams of milled slag sample was
gathered and analyzed with XRF spectrometer. The total sulphur amount of the slag was also analyzed with LECO

equipment.

3. Results and discussion

3.1 Desulphurization results

In all the tests, sulphur content was measured for steel samples and slags. The oxygen activity and temperature of the

molten steel were measured before the first slag addition and at the end of test. The experimental results for the steel



samples are summarized in Table 5. The slag composition was measured after the test and listed in Table 6, where [S]
and (S) represent the total sulphur content in steel and slag, respectively, ajo; represents oxygen activity in molten steel.
The evolution of [S] in molten steel as a function of time is illustrated in Fig. 2. The sulphur distribution between the

slag and steel, i.e. Ls=(S)/[S], and the average [S] removal rate are shown in Fig. 3.

Table 5. The LECO analysis results of the steel samples, and the aj; and temperature of the molten steel

. st
Test No. Slag type Sample No. Tl?dfﬁger: (1mi:)ag (p[sr]ﬂ) Teme- () (;p[c’j‘)
T1-0 0 105 1599 21
T1-1 24 35 - i
1 A T1-2 42 14 - .
T1-3 51 14 - i
T1-4 60 15 1607 17.1
T2-0 0 157 1601 27
T2-1 14 148 - -
2 B T2-2 24 136 - -
T2-3 40 117 - -
T2-4 60 110 1626 20.7
13-0 0 223 1673 47
T3-1 8 175 - -
3 c 13-2 20 133 - -
13-3 35 101 - -
13-4 57 79 1612 14.8
T4-0 0 142 1652 39
T4-1 10 123 - -
4 c T4-2 20 97 - -
T4-3 35 83 - )
T4-4 45 60 1590 17.0
T5-0 0 138 1597 18
T5-1 10 100 - -
5 C T5-2 21 60 - i
T5-3 34 43 - ¥
T5-4 49 29 1659 23.8
T6-0 0 - 1597 22
T6-1 12 119 - -
6 C T6-2 27 105 - -
T6-3 42 84 y )
T6-4 57 62 1635 225
17-0 0 232 1601 25
T7-1 10 230 - -
7 D 17-2 20 85 . )
773 35 59 § :
17-4 50 37 1679 19.0

Table 6. The chemical composition of slag and the sulphur distribution between the slag and steel after the tests

wt % ()
Test No. Ls
Ca0 Si0, MgO Al,03 Cr,0; Fe,03 MnO (ppm)
T1 58.3 19.7 9.42 9.17 1.03 1.15 0.70 1155 77
T2 43.7 5.02 2.82 44.8 0.88 1.56 0.44 1650 15
T3 42.6 8.87 5.50 43.0 - - - 3400 43
T4 36.0 18.7 7.65 31.3 5.26 - 1.02 1400 23
T5 51.6 8.76 4.06 36.0 - - - 1200 41
T6 44.2 9.65 450 41.3 - - - 2000 32
T7 50.9 6.62 3.80 38.6 - - - 2900 80
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Fig. 2. The evolution of [S] in molten steel as a function of time after first slag addition
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Fig. 3. The sulphur distribution Ls between the slag and steel and the average [S] removal rate in each test

According to the preceding summary of the experimental results (shown in Tables 5 and 6 and in Figs. 2 and 3),
qualitative understandings can be described as followings with respect to the desulphurization:
(1) The sulphur is continuously transferred from the molten steel to the slag with treatment time. All slags show
desulphurization capability. For most of the tests (except Test No.2) there is a tendency that after the slag addition, the
[S] is rapidly removed in early stage, and then dropped slowly or kept constant at a low level until the completion of the
test (Fig. 2).
(2) Top slag type (chemical composition) significantly affects the sulphur removal efficiency. As shown in Figs. 2 and
3, under similar test conditions i.e. initial sulphur content, oxygen content, treatment temperature and stirring
circumstance, type D slag (Test No. 7) exhibits a higher desulphurization capability than type C slag (Test No.3). Tests
(No. 4 & 5) with the type C slag show better desulphurization results than the Test No. 2 with type B slag. According to

the final sulphur distribution between the slag and steel (Fig. 3), a comparable desulphurization effect is achieved with



the type D (Test No. 7) and type A (Test No. 1) slags. However, the average [S] removal rate is lower for the type A slag,
which is due to the lowest initial sulphur content of the steel in the case of Test No. 1.

(3) Besides the influence of the top slag chemistry, the desulphurization behavior is affected with initial sulphur
content and oxygen level of the steel. As expected, sulphur is removed easily from the steel with higher initial sulphur
content as can be seen in Figs.2 & 3 for Test No. 3 (type C slag and 223 ppm initial [S]) and Test No.5 (type C slag and
138 ppm initial [S]). On the other hand, for Test No. 4 and 5, different desulphurization effect for similar initial
conditions (type C slag and initial sulphur content) suggests the influence of the oxygen level. A better desulphurization
is observed in Test No. 5 with aluminum deoxidation than in Test No. 4 without it.

(4) The influence of kinetic condition on the desulphurization is investigated in Test No. 6 with bottom Ar blowing. As
can be seen in Figs 2 and 3, a poor desulphurization is observed in Test No. 6 as compared to the Test No. 5, which has
similar test conditions (i.e. slag type C, 3 grams aluminum deoxidation, around 140 ppm initial [S] and temperature
ranging from 1600 to1650 °C) with the exception of bottom Ar blowing in Test No. 6. According to the visual
observation during the test, bottom Ar blowing pushes the top slag onto the crucible wall, which leads to a large open
eye in the slag/metal bath, reducing slag/metal contact area and therefore weakening the desulphurization kinetics. This
inversely confirms the kinetic effect on the desulphurization reaction. Further work is necessary to improve the present

experimental set-up to precisely control the reaction kinetics.
3.2 Thermodynamic consideration on the desulphurization

Sulphur capacity Cs, a function of slag composition and temperature, is defined as a measurement of the sulphur

absorption ability of metallurgical slag by Fincham and Richardson!”,

C, = exp(—AR—ioJ : [?] 1)

®
where 3, is the activity of oxide ions in the slag; f is the activity coefficient of sulfide ions in the slag; R is the gas

constant, 8.314 J/(mol-K); T is the temperature in K; AG° is the Gibbs energy of the following reaction, J/mol:
%sz @+(0)=(s") +%Oz(g) AG° =118535-58.8157T 2)

by combining the definition of sulphur capacity (i.e. Eg. (1)) and the reaction (2), the sulphur capacity of the slag can be

.
Co = (%S)-| — 3)

where (%S) is the weight percentage of sulphur content in the slag; R, and Py are partial pressures of O, and S, gas

expressed as follow:

in the system, Pa.

In general, the sulphur capacity can be measured through the classical gas (CO+CO,+SO,+Ar)/liquid slag
equilibrium experiment. There are also several mathematical modelst®® developed for the sulphur capacity calculation.

In order to better understand the desulphurization results obtained in the tests, the sulphur capacities of the slag systems,



which were employed in the present tests, is evaluated with the aid of FactSage software. In the calculation, the
thermodynamic equilibrium between the slag and a gas mixture (CO: CO,: SO,: Ar = 5: 4: 1: 10) at specific
temperature is calculated with the Equilibrium module in the FactSage. On substitution of the equilibrated mole amount
of O, (g) and S, (g), as well as the equilibrated sulphur content in slag into Eq. (3), the sulphur capacity can be
estimated. It should be noted that the initial chemistry of the gas mixture would not influence the final result of the
sulphur capacity in the calculation. The database of FACT and FToxid were used in the calculation. The calculated
results at 1873 K for CAS-14.4%CaF, (CAS represents CaO-Al,03-Si0,), CAS-2.5%Fe,03-1%Mg0O-4%TiO,, CAS
and CAS-2.1%Fe,03-0.6%MgO-1.7%TiO, slag systems, which respectively correspond to slag A, B, C and D, are
shown in Fig. 4. The solid points in Figs. 4a, 4b, 4c and 4d represent the initial composition of the slag A, B, C and D,
respectively. The open symbols represent the final composition of the slags after the tests. It should be mentioned that
these data points are not the exact composition of the slag, because the minor compounds are neglected to integrate the
slag into the figure with three principle components, i.e. CaO, SiO, and Al,05. The calculated sulphur capacity values
for the initial slag and the final slag from Test No. 1 to 7 are listed in Table 7. The exact composition and the measured

temperature are used in these calculations.

It can be seen from Fig. 4 that the sulphur capacity increases with the increase of %CaO and decreases with the
increase of %SiO, and %Al,0; in CA based slag. The melting temperature of CA based slag is high in CaO rich region.
Based on the results of Fig. 4 and Table 7, it can be concluded that (1) slag B has the lowest sulphur capacity while slag
A shows the highest one, which is because of the slag chemistry, mainly due to difference in the CaO content in these
two slags; (2) under same temperature, larger liquid area are observed with CAS-2.5%Fe,03-1%MgO-4%TiO, (Fig. 4b)
and CAS-2.1%Fe,03-0.6%Mg0O-1.7%TiO, (Fig. 4d) slag systems as compared to the CAS-14.4%CaF, (Fig. 4a) and
CAS (Fig. 4c) slag systems. This indicates that minor additions of Fe,O3, MgO and TiO, to the slag lowers the melting
temperature of the slags, and would facilitate the desulphurization Kinetics; (3) slag composition slightly changed after
the treatment and remained on the lime saturated liquidus for the pre-melted synthetic slags (Figs. 4b and 4d), while it
moved toward to the lower sulphur capacity direction for the tests with the slags (Figs. 4a and 4c) consisting of the
mixtures of oxides and calcium fluoride. The later implies that the desulphurization capability of the mixture slags
decreases as reaction proceeds. This is not the case for the pre-melted synthetic slags, suggesting advantages of
chemical and physical homogenization of the slags for the desulphurization; (4) the iso-log Cs curves are parallel to the
lime saturated liquidus and the Cs value increases with the curves being close to the lime saturated liquidus. This
indicates a necessary optimization of the slags for the desulphurization with respect to its thermodynamic and kinetic
properties, i.e. sulphur capacity and viscosity of the slags. If the kinetics allows, CaO saturated slags are recommended

for the desulphurization refining practice.
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Table 7. The calculated sulphur capacity for the initial slag and the final slag through Test No. 1 to 7

Cs T1 T2 T3 T4 TS5 T6 T7
Initial slag 2.2x10" 1.1x10° 4.9x10° 4.7x10° 5.7x10° 5.3x10° 4.4x10°
Final slag 3.9x10 3.1x10° 2.3x10° 1.0x10° 8.2x10° 2.9x10° 8.8x10°

The measured sulphur distribution Ls are plotted against the calculated sulphur capacity Cs in logarithmic scale in
Fig. 5. It can be seen from Fig. 5 that the data points follow approximately the line with the slope of 1. This indicates
that the sulphur distribution is mainly determined by the sulphur capacity of slag. In other word, with similar
desulphurization conditions, the slag with high sulphur capacity has a strong sulphur absorption ability and leads to a

larger sulphur distribution.
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Fig. 5. Relation between the measured sulphur distribution Ls and the calculated sulphur capacity Cs in logarithmic
scale

In steelmaking practice, the sulphur distribution between slag and steel, i.e. Ls, is used to indicate the
desulphurization effect of slag. In order to investigate the influence of sulphur capacity and desulphurization conditions
on the sulphur distribution, the gas-slag equilibrium (reaction 2) and slag-metal equilibrium (reaction 4) are combined
into a new gas-metal equilibrium as given by reaction (5)*". Consequently, the relation between the sulphur capacity

and the equilibrated sulphur distribution can be expressed as Eq. (6):

[S] + (Oz-)slag = [O] + (Sz-)slag (4)
[5]+20,(0) =[0+25.(0 ©)
log Ls =log K;+1log C, +log fi, —log a, (6)

where Ks is the equilibrium constant of the Eq. (5), and logK, :—$+1.375; fig) is the activity coefficient of

sulphur in molten steel. Furthermore, the activity coefficient of sulphur fg in Eq. (6) can be calculated by using

Wagner’s equationt*?,

log f;; = Z(e‘j [%i] + rji [%i]?) (7
where i represents the dissolved element in molten steel; e‘j and rji are the interaction parameter of i for j element (see
Table 8).

It can be seen from Eq. (6) that the equilibrated log Ls and log Cs has the linear relation, which was verified in the
present work as shown in Fig. 5. In addition to the sulphur capacity of slag, which is mainly relevant with slag
chemistry, other parameters, such as steel chemistry, operation temperature and kinetic conditions could also affect the

sulphur distribution of the desulphurization practice. The composition of the steel has complex influence on sulphur

10



distribution due to its effect on the sulphur and oxygen activity in molten steel.

Table 8. Interaction parameters used in the calculation

i eio eiSi eiCr riCr eiNi riNi eiMn eiS eiC reference
Si -0.119 0.103 -0.021 4.3x10* -0.009 2x10™ 0.033 0.056 0.18 [13-15]
S 0.27 0.065 0.01 0 0 0 -0.025 -0.028 0.113 [15, 16]

Substituting interaction parameters (shown in Table 8), steel composition, oxygen activity of the molten steel,
operation temperature, and calculated sulphur capacity (shown in Table 7), respectively into Eq. (6) and (7), the sulphur
distribution (Ls) can be calculated. Fig. 6 shows comparison of the measured and the calculated sulphur distribution
value, which in the upper diagram of Fig. 6 is obtained by using the chemistry of the initial slags and in the lower
diagram by that of the final slags. The results in Fig. 6 demonstrated that (1) relation between the calculated and
measured sulphur distribution follows approximately a straight line, which is parallel to the one by one relationship, i.e.
the dashed lines in Fig. 6, suggesting an reliable assessment for both calculated and measured Ls data; (2) the
calculation is more reasonable when using the chemistry of the final slags; (3) the calculated log Ls (thermodynamic
equilibrium) value is around one time larger than the measured value. This means that the slag/molten steel interaction
was far from equilibrium with respect to the desulphurization reaction in the present tests. Therefore, desulphurization
capabilities of the top slags have not been fully utilized in the present pilot ladle treatment. If the kinetics allows, the
desulphurization effect can certainly be improved by using the current top slags. In the following section, the

desulphurization Kkinetics is discussed with respect to the experimental conditions.
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Fig. 6. Comparison between the measured and calculated sulphur distribution Ls in logarithmic scale

3.3 Desulphurization kinetics

Mathematical model

To better understand the desulphurization behavior in the pilot experiments, a kinetic model is developed to predict
sulphur evolution in the molten steel during the tests. The model is based on the two film theory that the dissolved

sulphur is removed by permanent contact reaction at the interface between molten steel and slag. A schematic
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and C

representation of the desulphurization kinetics is illustrated in Fig. 7, where Cp;, C,C @+ respectively

i
represent the concentration of species i in molten steel, in slag, at the interface towards molten steel and at the interface
towards slag. According to Fig. 7, the desulphurization process can be divided into the following kinetic steps:

(1) [S] is transferred from molten steel towards the slag, meanwhile the (O) is transferred from the slag towards the
steel bath.

(2) [S]and (O) are exchanged at the slag/steel interface through the desulphurization reaction, i.e. Eq. (4).

(3) [O] and (S) are transferred from the slag/steel interface towards steel and slag phase, respectively.

To simplify the mathematical model and calculation, the following assumptions were made: (a) there is no species
(i.e. reactants and products) accumulated at the interface; (b) slag is uniformly covered on the surface of molten steel; (c)
the dissolved elements, such as sulphur and oxygen, are homogeneously distributed in the steel phase at the beginning
of the experiments; (d) chemical reaction at the interface is fast enough for not being the rate-limiting step of the

desulphurization; (e) chemical ractions at the interface reached equilibrium.
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Fig. 7. A schematic representative of the desulphurization kinetics

In general, possible rate controlling steps of the desulphurization are considered to be the mass transport aspects, such
as transfer of [S] from molten steel towards the reaction interface, (S) from the interface towards bulk slag phase,
(O) from slag towards the interface and [O] from the interface towards molten steel. According to the previous studies®®
417 transfer of (S) from the interface to bulk slag is substantiated to be the rate controlling step of the desulphurization
reaction. Therefore, desulphurization rate can be expressed in terms of the flux of (S) in slag phase, which is written as

Eq. (8):

J :km (C[S] - CES]) = ks (Ci(S) 'C(S)) (8)

where J is the sulphur flux in slag phase, mol/(m*s); k., and k are the mass transfer coefficient of sulphur, respectively,
in steel and slag phase at the permanent contact reaction zone, m/s. Thus, sulphur removal rate in molten steel can be

calculated as follow:
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in which
(S); = L[S (10)

where A is contact area between the slag and steel, m?; V is the volume of slag at time t, m* W,, and W, are the weight
of molten steel and slag at time t, kg, respectively; (S):, (S)' and [S]' are the sulphur content at the interface, in slag,

and in steel at time t, ppm, respectively. Thanking the mass balance of sulphur between the steel and the slag into

account, (S) in slag at time t can be expressed by Eq. (11),

SRACE. ) a

S

where [S]%is the sulphur content in the steel at time = 0 s, ppm. Combining the Egs. (9) to (11), following equation is

derived:

AL (e n L ISP (12)

m

Wm I_W_m o
|ﬂ{(|-s +VTS)[S] W, [S] }

where p, is the density of slag at experiment temperature, kg/cm?®. Furthermore, the mass transfer coefficient ks can be

calculated by using the empirical equation (13) [* " 2I:
k.=/4 / (13)
Q°TP,
= 14
Q= 273P (14

where S is empirical coefficient, 1 m™% D, is the sulphur diffusivity in the slag, m?s; Q¢ is total gas flow rate,

m?/s; P, is the standard atmospheric pressure and P is the gas pressure in the furnace, Pa.

The diffusivity of sulphur in CAS based slag is estimated by using the model developed by Muhmood et al. !,
log(D;) = —Miﬁ—S 7063 (15)

The density of CAS slag p, is estimated by using the model developed by Perssont%,

XM,
ps = 2. lH (16)

2 XiVan

where V_. is molar volume for the pure substance of i, cm3/mol; pi is the density of pure substance of i at experimental

temperature, g/lcm® H_ is the relative integral molar enthalpy, J/mol; X, and M, are the mole fraction and

m

molecular mass of i component, respectively and 4 is a constant, 0.06.
The V,_; can be calculated by empirical equation developed by Muhmood™,

V,=— (17)
Pi
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Paio, = 3.04-1.15x10°° (T—-2303)

Pso, =3.0451-4x107* T

Peso = 3.4151-2x10* T

(18)

(19)

(20)

Substituting experimental parameters estimated through Egs. (13) to (20) into Eq. (12), evolution of sulphur content

in the molten steel during the ladle refining can be calculated.

Calculated results

The experimental parameters used in the calculations are summarized in Table 9. The prediction of [S] evolution as a

function of time is calculated for Test No. 3 to 6. In the calculation, the value of 4.7x10™°m?/s is used for sulphur

diffusivity calculation®. The gas flow rate of 0.5 L/min, the furnace pressure of 5 Bar and the temperature at end of the

test are used for the calculation of mass transfer coefficient of sulphur in the slag phase (ks). Since the slag covered only

around 1/4 molten steel surface (as shown in Fig. 8) during the test, the steel/slag contact area was considered to be 1/4

of the cross section area of the crucible in the calculation. For comparison, both the experimental and calculated results

are plotted in Fig. 9.

Table 9. The experimental parameters used in the calculations

T p Ds A k [s)°
Test No. Ls s 5 )
(°C) (8/cm’) (m?/s) (m?) (m/s) (ppm)
3 445 1612 2.79 4.7x10™%° 4.4x10° 1.15x10° 223
4 430 1590 2.80 4.7x10™%° 4.4x10° 1.15x10° 142
5 407 1659 2.78 4.9x10™° 4.4x10°3 1.15x10°® 138
6 423 1635 2.79 4.8x10™° 4.4x10°3 1.15x10°® 119

10-20 mm
molten slag

Fig. 8. The situation of the sleel/slag contact during the tests: (a) picture of the slag and steel in the crucible during
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experiment; (b) schematic diagram of the steel/slag contact
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Fig .9. Comparison of the experimental and calculated results for sulphur evolution during the desulphurization refining:
(a) results of the Test No.3 and 4; (b) results of the Test No. 5 and 6

Figure 9 shows that except for Test No.5, the calculated sulphur evolutions are in a good agreement with
experimental data. This suggests that (1) the assumption of the present calculation is reasonable, in which
desulphurization occurs through the slag/steel permanent contact reaction and the mass transfer of (S) in slag phase is
considered to be the rate controlling step of the desulphurization reaction; (2) desulphurization is not enhanced through
the bottom Ar gas stirring (Fig. 9b), comparison of Test No.5 and 6) in the experiment. This can be understood with the
visual observation that bottom Ar blowing pushed the top slag onto the crucible wall, reducing slag/metal contact area
and therefore, weakening the desulphurization kinetics; (3) desulphurization rate decreases with the decreasing of the
sulphur content in the steel, implying the difficulty of the ultra-low sulphur steel refining. In the case of Test No. 5 (Fig.
9b), the desulphurization rate is underestimated by the calculation. The reason for this underestimation is not clear and it
is probably due to a low sulphur analysis in the slag phase. Further work is necessary to improve the present

mathematical model for its industrial application on the ladle treatment practice.
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4. Conclusion

The desulphurization of austenitic stainless steel by using the lime-alumina based slags has been studied. The sulphur
capacity was calculated based on the experimental data with the aid of FactSage software. The effect of sulphur
capacity and experimental conditions on the desulphurization was investigated based on the thermodynamic
consideration. A desulphurization kinetic model was developed for the prediction of sulphur evolution in the steel
during the ladle treatment. The main results can be summarized as follow:

(1) The iso-sulphur capacity curves at 1600 °C were calculated with respect to the CaO-Al,O; based slag and
CaO-CaF, based systems. The iso-log Cs curves are parallel to the lime saturated liquidus and the Cs value increases
with the curves being close to the lime saturated liquidus. If the Kinetics allows, CaO saturated slags are recommended
for the desulphurization refining practice.

(2) Experimental results showed that slag and steel chemistry, temperature, bottom Ar blowing had complex
influences on the desulphurization, which is, however, mainly determined by the sulphur capacity of the slags. A
comparable desulphurization effect was obtained with an optimized lime-alumina based slag as with the lime-fluorspar
based slags.

(3) A kinetic model based on the slag/steel permanent contact reaction was established for the desulphurization. The
calculated sulphur evolutions in the steel during the pilot tests were in a good agreement with experimental data,

suggesting a promising industrial application of the model on the ladle treatment practice.
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