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Abstract 

Production of special quality steels with lesser impurities and better cleanliness control for 

attaining a narrow chemical composition is one of the thrust area of the steelmakers. In 

recent times, Steel Authority of India (SAIL) has undergone major up gradation and 

modernization with the aim of capacity enhancement and production of special quality 

steels. To produce special quality steels, desulphurization of steel in ladle is going to play 

a very important role. To get higher degree of desulphurization of steel in ladle treatment, 

it is important to study the impact of different process parameters on desulphurization to 

design optimum slag chemistry. Thermodynamic database software can be applied as a 

tool for understanding the impact of process parameters on desulphurization by 

calculating slag metal interaction and characterization of ladle slag. In this work, 

thermodynamic database software FactSage - 6.4 was applied for characterization of 

ladle top slags of different steel plants of SAIL for study and optimization of process 

parameters. Different thermodynamic properties like equilibrium solidification, solidus  / 

liquidus point, viscosity, and equilibrium sulphur partition ratio were evaluated using 

FactSage. Impact of different parameters like oxygen potential of slag, basicity of the slag 

and percentage of aluminium in steel, on desulphurization ability of slag were evaluated 

using thermodynamic simulation. Simulation results of FactSage indicate that CaO/SiO2 

ratio has greatest impact on desulphurization ability of the slag compared to parameters 

like oxygen potential of slag and dissolved aluminium in steel. Thermodynamic simulation 

results suggested window of operation under different condition to improve 

desulphurization. 
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Introduction 

Thermodynamics computational packages are now a days applied extensively for 

metallurgical processes. It gives certain edge over pyro-metallurgical experiments, such 

as, use less time, no set up cost, operate over wide variation of parameters etc. There 



are many commercially available thermodynamic software packages which are used to 

simulate steelmaking process such as CEQCSI, FactSage, MPE, MTDATA and Thermo-

Calc. FactSage was introduced in 2001 and is the fusion of the FACT-Win / F*A*C*T and 

ChemSage / SOLGASMIX thermo-chemical packages [1]. FACTSage thermodynamic 

software, having a wide range of database and calculation module, is able and used in 

prediction of slag properties such as viscosity, temperature of formation and precipitation 

of liquid phase, calculation of slag and metal equilibrium, calculation of phase equilibrium 

diagram etc. Thermodynamic modeling using FACTSage is done by Research and 

Development Centre for Iron and Steel (RDCIS) for solving plant level problems like 

design of synthetic slag chemistry, improvement in desulphurization, finding operating 

window for ladle treatment etc. Desulphurization in secondary steelmaking process differs 

from one plant to other. The secondary steelmaking slags of SAIL plants are also different 

from each other, depending on the killing pattern and secondary addition. 

Desulphurization of the steel depends on the chemistry of ladle top slag and chemistry of 

steel and other parameters also. Improvement of desulphurization required optimization 

of the process parameters which are affecting the desulphurization process. 

Thermodynamic modeling is required to find out the impact of different parameters like 

oxygen potential of slag (FeO+MnO content of the slag), Basicity (CaO/SiO2 ratio) of the 

slag, CaO/Al2O3 ratio and percentage of aluminium in steel, on desulphurization ability of 

slag. The outcome of the thermodynamic modeling will help to design the optimum slag 

chemistry for desulphurization.   

Ionic theory of desulphurization of steel 

Except in free-cutting steels, sulfur is considered to be a harmful impurity, since it causes 

degradation of the mechanical properties and hot shortness in steels. So desulphurization 

becomes an important subject to be continuously investigated for highly clean products 

which can withstand market competition and satisfy customer's demand. Based on the 

production route and the type of steel product, desulphurization could be done at different 

points in the steelmaking process and with different reagents. From the thermodynamic 

point of view desulphurization is carried out in a reducing condition when the oxygen 

activity is low, and at highly basic condition. 

Holappa [2] has reviewed the theoretical basis for sulfur removal in ladle treatment by 

slag–metal reaction. For the sulphur removal from steel then it is better to utilize the 

general ionic form of desulfurization reaction, viz., 

[S] + (O2–) = (S2–) + [O]     (1) 



And the equilibrium constant for the reaction would be, - 

K1 = (as2-)*[ho] / [hs]*(ao2-)    (2) 

The sulfide capacity of slag (CS), i.e., the ability of a slag to absorb sulfur, was originally 

defined by Richardson[3] as 

CS = (WS) (pO2/ pS2)
1 ⁄ 2    (3) 

Ws = percentage sulphur in slag 

po2, ps2 = partial pressure of oxygen and sulphur 

In the equation (2) if we replace as2–  with weight percent sulfur in slag (i.e., WS), then we 

may use a modified value of K1. Then, the equation become  

K1’ . (ao2-) = Ws*[ho] / [hs] = C’s   (4) 

C’s is the modified sulphide capacity 

And the relation between Cs and C’s is  

log CS = log C′S + 936/T  – 1.375   (5) 

At 16000C, Cs = 7.5 C’s 

The sulphide capacity of the slag depends on the fluxes added.   

Another parameter of interest is the equilibrium sulfur partition ratio between slag and 

metal (LS) [4], where  

LS = (WS)/[WS].     (6) 

From equation (4) it can be shown that  

Ls = C′s / [ho]      (7) 

Experiment 

As desulphurization ability of the slag depends on the chemical composition of the slag as 

well as the steel chemistry and the killing pattern of steel, so slag sample of different 

plants of SAIL with different killing pattern were collected. Thermodynamic analysis of the 

slags was carried out to find out the equilibrium sulphur partition ratio and effect of 



different parameters on them. It was found out that the aluminium killed slags generally 

have a very good sulphur partition ratio, much higher than the silicon killed slag. Data on 

the slag which obtain for the silicon and manganese grade killed steel revealed that the 

SiO2 percentage in the slag was around 30 % where as for the aluminium killed steel, the 

slag contained SiO2 percentage around 15 - 16 %. The sulphur partition ratio of the two 

slags is shown in the table below.  

Table-1: Equilibrium Sulphur Partition Ratio of Different Slags 

 SiO2 Al2O3 CaO MgO MnO FeO Ls 

Si - Mn Killed 28.85 8.90 45.35 10.58 2.19 2.46 ~ 60 

Aluminium Killed 16.04 18.61 44.21 15.54 1.59 2.61 ~ 300 

  

For increase in the sulphur partition ratio of the silicon killed slag, thermodynamic 

simulation has been done and for the simulation, 3 set of slag is considered. In the first 

set CaO/Al2O3 ratio is decreased from around 5 to 3, in the second set CaO/SiO2 ratio is 

increased from around 1.6 to 2.0 and finally in the third set (FeO+MnO) is decreased 

gradually from 4.73 to 2.73. In FACTSage software, thermodynamic modelling was done 

of these set of slags to check the effect of the parameters on the on sulphur partition 

ratio.   

Result 

Three sets of slag has been considered for thermodynamic computation. Slag chemistry 

of the three sets is shown in the Table - 2. In these sets, variation of Ls with CaO/Al2O3 

ratio, CaO/SiO2 and (FeO+MnO) content was found out with the help of modelling. It was 

found that low CaO/SiO2 ratio was mainly responsible in the slag for low sulphur partition 

ratio, where as the sulphur partition ratio value was found decreasing when we increased 

the Al2O3 percentage in the slag. Sulphur partition ratio is increased when we decrease 

the FeO+MnO content of the slag, as FeO and MnO increase the oxygen potential of the 

slag, so decreasing the FeO + MnO content increases the slag desulphurization ability. 

But in this case the impact of lowering the oxygen potential was found lesser as 

compared to CaO/SiO2 ratio. But when we increase the slag CaO/SiO2 ratio from 1.57 to 

2.0 it was found that the sulphur partition ratio increased drastically from 47 to 337. As 

higher slag basicity could cause hydrogen ingress in steel, so the value of around 2.0 is 

optimum for desulphurization.  

 



Table - 2 : Output of De-S Model Simulation 

Slag 
SiO2 Al2O3 CaO MgO MnO FeO CaO / Al2O3 CaO / SiO2 

FACTSage 
result 

Set 1 Ls 

A1 29.34 9.05 46.12 10.76 2.23 2.50 5.09 1.57 47 

B1 28.99 10.13 45.57 10.64 2.20 2.47 4.5 1.57 43 

C1 28.63 11.25 45.00 10.50 2.18 2.44 4.0 1.57 39 

D1 28.18 12.65 44.29 10.34 2.14 2.40 3.5 1.57 35 

E1 27.60 14.46 43.38 10.12 2.10 2.35 3.0 1.57 31 

Slag 
SiO2 Al2O3 CaO MgO MnO FeO CaO / Al2O3 CaO / SiO2 

FACTSage 
result 

Set 2 Ls 

A2 29.34 9.05 46.12 10.76 2.23 2.50 5.09 1.57 47 

B2 28.28 8.73 48.07 10.37 2.15 2.41 5.51 1.70 78 

C2 27.50 8.49 49.50 10.09 2.09 2.34 5.83 1.80 121 

D2 26.76 8.26 50.85 9.82 2.03 2.28 6.16 1.90 196 

E2 26.07 8.04 52.13 9.56 1.98 2.22 6.48 2.00 338 

Slag 
SiO2 Al2O3 CaO MgO MnO FeO CaO / Al2O3 CaO / SiO2 

FACTSage 
result 

Set 3 Ls 

A3 29.34 9.05 46.12 10.76 2.23 2.50 1.57 4.73 47 

B3 29.49 9.10 46.35 10.82 1.99 2.26 1.57 4.23 49 

C3 29.64 9.15 46.58 10.87 1.75 2.02 1.57 3.73 51 

D3 29.79 9.19 46.82 10.93 1.50 1.77 1.57 3.23 54 

E3 29.94 9.24 47.06 10.98 1.25 1.53 1.57 2.73 57 

  

     

Fig-5 : Relation of Ls found with Different Parameters 

 



Conclusions 

Steelmaking operating process improvement can be approached through thermodynamic 

modelling route. Thermodynamic model output has been applied successfully in plant 

condition and established with repeated trails. Thermodynamics database software 

FACTSage is an excellent tool for design of experiment and prediction of steelmaking 

parameters. Application of FACTSage helps to find right ladle top slag chemistry for 

desulphurization of steel. Simulation in FACTSage of slag and metal equilibrium predict 

the parameters primarily impacting the slag desulphurization capability. Appropriate ladle 

top slag chemistry can be designed with the help of thermodynamic simulations in 

FACTSage. It helps to find the correct operating window for ladle treatment of steel. The 

different database of FACTSage on steel, oxides etc not only help in predicting the 

process metallurgy but also can be extensively used in alloys designing with the help of 

Phase diagram module provided in FACTSage.  
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