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Solution Databases : 

FToxid - oxide database for slags, glasses, ceramics, refractories
FSstel - steel database

FTlite - light metal database (formerly FSlite)

Ftsalt - salt database
FThall - Hall alumium database
FThelg - aqueous (Helgeson) database
Ftmisc - miscealleneous database for sulfides, alloys, etc.
Ftpulp - pulp and paper database (and corrosion and combustion)

Fscopp - copper alloy database

Fslead - lead alloy database

FSupsi - ultrapure silicon database

SGnobl - noble metal database (formerly FSnobl)
SGnucl - nuclear database
SGTE(2007) - alloy database (formerly SGTE (2004))
SGsold - solders database
BINARY(2004) - free alloy database

OLI-Systems - aqueous databases

TDNucl - Thermodata nuclear database



Thermodynamic model for oxide

Molten Oxide

CaO-Al2O3-SiO2-FeO-Fe2O3-MgO-MnO-Mn2O3-CrO-Cr2O3-TiO2-Ti2O3-CoO-NiO-...

+ oxysulfide + oxyfluoride 

Capacity: SO4, PO4, H2O, F, Cl, C, N, ... 

Solids (solutions/stoichiometric compounds)

Spinel: MgAl2O4, Fe3O4, MgCr2O4, FeAl2O4, etc.

[Mg2+,Fe2+,Cr2+,Ni2+,Mn2+,Co2+,Al3+,Fe3+,Cr3+,Zn2+,Co3+]T

(Mg2+,Fe2+,Ni2+,Mn2+,Mn3+,Mn4+,Co2+,Al3+,Fe3+,Cr3+,Zn2+,Co3+,Va)2
OO4

Olivine: Mg2SiO4, Fe2SiO4, Mn2SiO4, etc.

[Mg2+,Ca2+,Fe2+,Mn2+,Ni2+,Co2+]M2

(Mg2+,Ca2+,Fe2+,Mn2+,Ni2+,Co2+)M1SiO4

Monoxide: periclase, wustite, etc.

CaO-MgO-FeO-MnO-CoO-NiO-Al2O3-Fe2O3-Mn2O3-Cr2O3-…

Melilite, Ca2SiO4, Perovskite, Corundum, Pyroxene, etc. + Pure Compounds



(Ca-O2--Na) + (Si-O°-Si) = 2(Ca-O--Si) ∆g

� Free oxygen
� Non-bridging oxygen
� Bridging oxygen
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CaO-SiO2 binary molten slag
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Quasichemical Model (pair approximation)

A and B are distributed non-randomly on lattice sites

The pairs are distributed randomly over “pair sites”
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This expression for ∆∆∆∆Sconfig is:

� mathematically exact in one dimension (Z = 2)

� approximate in three dimensions ( )
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(A-A)pair + (B-B)pair = 2(A-B)pair ; wQM

Thermodynamic model for liquid oxide - Slag

ZXA = 2 nAA + nAB, ZXB = 2 nBB + nAB

Z = coordination number

nij = moles of pairs, Xij = pair fraction = nij /(nAA + nBB + nAB)



Q4 by NMR, Halter and Mysen, 2004 [17]

Q4 by RAMAN, Yano et al., 2006 [18]

Q4 by MD, Machacek and Gedeon, 2003 [19]

Q4 by NMR, Maekawa et al., 1991 [16]
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Thermodynamic model for oxide



Molten oxide with dissolve Sulfur
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Models for Sulfide Capacity in Slags

Defined by Fincham and Richardson (1954) 

� Optical bascity (Sosinsky and Sommerville)

� KTH capacity model (Nzotta and Seetharaman)

� IRSID cell model (Lehmann and Gaye)

� Reddy-Blander-Pelton capacity model

Previously, sulfide capacity of slags have been calculated using

• function of composition, defined only for calculating CS itself
• requires many empirical parameters
• S is one of model species in a large slag database, can be extended to high 

sulfur content
• requires no model parameters, but limited to dilute region, non-acidic slags



The present thermodynamic model is developed using the Modified 

Quasichemical Model in the Quadruplet Approximation.

1.taking into account dissolution mechanism of sulfur.

2.for describing solution behavior of sulfur, not just for calculating capacities.

3.in consistent with already well developed FactSage molten oxide 

thermodynamic database.

4.for calculating not only solubility in dilute region but also for calculating phase 

diagrams (solubility limit of sulfide).

5.with NO adjustable fitting parameters.

Present Thermodynamic Models for Sulfur Dissolved in Slags



In order to describe dissolution behavior of S in molten oxide, the following two 

reactions must be taken into account.

Ex) S in CaO-SiO2 slag

�Second-Nearest-Neighbor (SNN) pair exchange reaction

(Ca-O-Ca) + (Si-O-Si) = 2(Ca-O-Si);

�Reciprocal exchange reaction among liquid components

2CaO(liq) + SiS2(liq) = 2CaS(liq) + SiO2(liq);

SiO4
4- anions are surrounded by two Ca2+ cations.

S in the slag exist mostly as CaS, not SiS2.

Second Nearest Neighbor Second Nearest Neighbor 

ShortShort--rangerange--orderingordering

Main Reactions to Be Considered in Thermodynamic Models for Sulfur in Slag

O2- + Oo = 2O-

First Nearest Neighbor First Nearest Neighbor 

ShortShort--rangerange--orderingordering



In order to take into account the two reactions simultaneously,

� Slags are assumed  to have cationic and anionic sublattices,

� All possible quadruplets are considered.

Example: (CaExample: (Ca2+2+,Si,Si4+4+)(O)(O22--,S,S22--)) Gibbs energy of each Quadruplets

• gCaCa/OO, gCaCa/SS, gSiSi/OO, gSiSi/SS
are taken from literature (Gibbs 
energies of pure oxides and 
sulfides).

• ∆gCaSi/OO is taken from existing 
thermodynamic database 
(FactSage database).

• ∆gCaSi/SS, ∆gCaCa/OS, and ∆gSiSi/OS
are set to zero (i.e. treated as 
ideal solutions).

• gCaSi/OS is the average of gCaSi/OO, 
gCaSi/SS, gCaCa/OS and gSiSi/OS.

Quadruplets in Molten Oxysulfide
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In order to take into account the two reactions simultaneously,

� Slags are assumed  to have cationic and anionic sublattices,

� All possible quadruplets are considered.

Example: (CaExample: (Ca2+2+,Si,Si4+4+)(O)(O22--,S,S22--)) Gibbs energy of each Quadruplets

• gCaCa/OO, gCaCa/SS, gSiSi/OO, gSiSi/SS
are taken from literature (Gibbs 
energies of pure oxides and 
sulfides).

• ∆gCaSi/OO is taken from existing 
thermodynamic database 
(FactSage database).

• ∆gCaSi/SS, ∆gCaCa/OS, and ∆gSiSi/OS
are set to zero (i.e. treated as 
ideal solutions).

• gCaSi/OS is the average of gCaSi/OO, 
gCaSi/SS, gCaCa/OS and gSiSi/OS.

Quadruplets in Molten Oxysulfide

No new adjustable fitting parametersNo new adjustable fitting parameters



Gibbs energy of the molten oxide containing sulfur is

where the configurational entropy is obtained by randomly distributing the quadruplets

on the quadruplet sites using an Ising-type approximation:

Gibbs Energy of the Molten Oxysulfide

By minimizing the Gibbs energy of the oxysulfide under given T, P, and ni , the 

quadruplet fractions are obtained, and sulfur concentration in the slag is 

determined.



Selected examples in Prediction of Sulfide Capacity

The present model has been applied to predict sulfide 

capacities in Al2O3-CaO-FetO-MgO-MnO–SiO2-TiOX slags 

systems (from binary to multicomponent) by comparison 

with large amount of experimental data.
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Multicomponent slags (Al2O3-CaO-Fe
t
O-MgO-MnO-SiO2-TiO

x
)

Extention of the Present Model to High Sulfur Content

ACFMNS
ACFMS
ACFMST
ACMN
ACMNS
ACM
ACMS
ACMS
ACS
ACST
AFS
AMN
AMS
ANS
CFS

CMNS
CMS
CMT
CNS
CST
FMS
FNS
FST
MNS
NST

A: Al2O3, C: CaO, F: FetO
M: MgO, N: MnO
S: SiO2, T : TiOx
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Applications in Sulfur Distribution Coefficient

For steel refining purpose,

[S] + 1/2O2(g) = [O] + 1/2S2(g); K
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Steel/inclusion reaction

• High S content (oxysulfide, 

sulfide)

• Solubility limit of sulfide

Extention of the Present Model to High Sulfur Content

Slag

Steel

Steel/slag reaction

• Low (wt%S) in slag

• Sulfide capacity

CaO-Al2O3-CaS

CaS

Wang et al., Met.B. (2002)
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Liquid

(Ca,Mn)S + (Mn,Ca)S

(Ca,Mn)S
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Sulfide Inclusions in Steel by Ca Injection

After Ca injection in steel

Refining

� Modifiy Al2O3 (solid inclusion) to CaO-Al2O3 (liquid 

inclusion)

� CaS (either CaO-Al2O3-CaS (liquid inclusion) or CaS (solid 

inclusion) forms if [S] in the steel is high

Solidification

� forms (Ca,Mn)S solid solution as inclusions

� (Ca,Mn)S: hard and non-deformable causing cracks

� (Mn,Ca)S: easily deformed

Therefore, depending on the steel grade, proper control of the S

content of the steel is necessary.
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CaO-Al2O3-CaS type inclusions in Steel; during refining steels
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� Thermodynamic database in FactSage system for oxide (solid 

and liquid) has been developed for many years at the CRCT, 

using Quasichemical model for liquid phase.

�A thermodynamic model and database for sulfur dissolved in 

molten oxide has been also developed. Modified Quasichemical 

Model in the Quadruplet Approximation was used to describe 

sulfur dissolution behavior in the molten oxide.

� The model was also applied to predict sulfide solubility limit 

in molten oxysulfide melts.

� The model was used to calculated sulfur distribution 

coefficient between slag and steel (LS), and (oxy)sulfide 

inclusions evolution in steel during refining and solidificaiton.

Concluding Remarks


