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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
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Thermodynamic model for oxide
G’actSage'”

Molten Oxide
Ca0-Al,0,-Si0,-FeO-Fe,0,-MgO-Mn0O-Mn,0,-CrO-Cr,0,-TiO,-Ti,0,-CoO-NiO-...
+ oxysulfide + oxyfluoride

Capacity: SO,, PO,, H,0O, F, Cl, C, N, ...

Solids (solutions/stoichiometric compounds)
Spinel: MgAl,O,, Fe,0,, MgCr,0O,, FeAl,O,, etc.
[Mg2+ Fe2*,Cr2*,Ni2*,Mn2*+,Co2+ Al3*,Fe3*,Cr3+,Zn2*,Co3*]"
(Mg?*,Fe?*,Ni2*,Mn?*,Mn3*,Mn*,Co?*,Al3*,Fe3+,Cr3*,Zn?*,Co%*,Va),°0,
Olivine: Mg,SiO,, Fe,SiO,, Mn,SiO,, etc.
[Mg2*,Ca2* Fe2*, Mn2+ Ni2+ Co2+]M2
(Mg2+,Ca2+,Fe2+,Mn2+,Ni2+,C02+)'V'15iO4
Monoxide: periclase, wustite, etc.
Ca0-MgO-FeO-Mn0O-Co0O-NiO-Al,O,-Fe,0,;-Mn,0,-Cr,0,-...
Melilite, Ca,SiO,, Perovskite, Corundum, Pyroxene, etc. + Pure Compounds
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Ca0O-SiO, binary molten slag

(Ca-O“-Na) + (Si-O°-Si) = 2(Ca-0-Si) Ag

Si Si
| |
= Non-bridging oxygen Vo, car § |
= Bridging oxygen Si —0-1'—0 O—z—o—s.
| |
Si Si
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Thermodynamic model for liquid oxide - Slag
Quasichemical Model (pair approximation)

(A-A)

pair t (B_B)palr = 2(A B)palr » WWQMm

A and B are distributed non-randomly on lattice sites

The pairs are distributed randomly over “pair sites”
IX,=2N40+Nup ZXg=2 Ngp+ N yp
Z = coordination number
n; = moles of pairs, X;; = pair fraction = n; /(n,, + ngg + nyp)
AS™™ = R X 3 IN(Xp/ X2) + X I X/ X2) + X s IN( X 15/2X X 5)
—R(X,InX, +X,InX;)

This expression for AS<"fid js:
= mathematically exact in one dimension (Z = 2)
= approximate in three dimensions AH = (XAB/Z) oy

K" = XZa /(X paXee ) = 46Xp(—ay, /RT)
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Thermodynamic model for oxide

Grundy et al. (2008), Int. J. Mater. Res.
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Molten oxide with dissolve Sulfur
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Models for Sulfide Capacity in Slags

pO2 ) 2
PS2
Defined by Fincham and Richardson (1954)

C's = (mass pct. S)Slag(

Previously, sulfide capacity of slags have been calculated using

1 Optical bascity (Sosinsky and Sommerville)

(d KTH capacity model (Nzotta and Seetharaman)
1 IRSID cell model (Lehmann and Gaye)

d Reddy-Blander-Pelton capacity model

function of composition, defined only for calculating Cg 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
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Present Thermodynamic Models for Sulfur Dissolved in 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.
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Main Reactions to Be Considered in Thermodynamic Models for Sulfur in Slag

199(2) + (O)gtag = 302(8) + (S)gja

In order to describe dissolution behavior of S in molten oxide, the following two
reactions must be taken into account.

Ex) S in Ca0-SiO, slag
2 Second Nearest Neighbor

[dSecond-Nearest-Neighbor (SNN) pair exchange reaction Short-range-ordering

(Ca-0-Ca) + (Si-0-Si) = 2(Ca-0-5i); A gcasi/os (= ~ —60kJ/mol)
0% +0° = 20

SiO,* anions are surrounded by two Ca?* cations.

(dReciprocal exchange reaction among liquid components
2Ca0(lig) + SiS,(lig) = 2CaS(lig) + SiO,(lig); A gg(;é%lsge (= ~ —400kJ /mol)
S in the slag exist mostly as CaS, not SiS,. First Nearest Neighbor
Short-range-ordering
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Quadruplets in Molten Oxysulfide

In order to take into account the two reactions simultaneously,
= Slags are assumed to have cationic and anionic sublattices,
= All possible quadruplets are considered.

. 2+ Qi34+ 2- Q2-
Example: (Ca**,Si**)(0*,5%) Gibbs enerqy of each Quadruplets

AGcasiss =0
SiS, L=~ CasS * Ycacaioo: Ycacasss: Isisioo: Ysisiss
. P are taken from literature (Gibbs
%g %g ; % \ energies of pure oxides and
i . sulfides).
AgCaS| 0s=0_ .7 i * Adcasioo IS taken from existing
! thermodynamic database
S' ca§ o1 | (FactSage database)
Agisijos = 0 S| \ e Si ; Acacaios = 0 9 '
g 1 * AQcasisss AGcacaioss @Nd Asisios
-------------- - are set to zero (i.e. treated as
ideal solutions).
,SQO_ ca*e_ C%Q * Jcasios 1S the average of gcasjo0;
o = 0@ Jcasiss: Icacaos @nd Jsisjjos:
' CaO
S0, AQcasioo < 0
Acidic oxide Basic oxide
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Quadruplets in Molten Oxysulfide

In order to take into account the two reactions simultaneously,
= Slags are assumed to have cationic and anionic sublattices,
= All possible quadruplets are considered.

. 2+ Qi34+ 2- Q2-
Example: (Ca**,Si**)(0*,5%) Gibbs enerqy of each Quadruplets

AQcesiss = 0
SiSy- - - - - I Ci]S * 9caca/00r Ycacarss: Isisioo: Isisiiss

I : : - are taken from literature (Gibbs
[ %@ I %g I; %‘ Vi energies of pure oxides and
. ' H ' sulfides).

* AQcasiioo IS taken from existing
thermodynamic database
©) ' @O ol !
AQgisios = 0 e*Si \ dSi & [ Adcacaios =0 (FactSage database).

. |/ * AQcasisss AGcacaioss @Nd Asisios
are set to zero (i.e. treated as

—— = ideal solutions).

|
|
|
!
«©
O
]
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I
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| I 1 1
' ,SQO ! Ca*e : 349 ! * Ocasijos IS the average of gegsioo
I : I
) =4S U ©€ : (C : Ocasiiss: Icacaos @Nd Jsisjios:
Q0-=-=-=-= v - - - =-CGa0
SIOZ AQcasioo <0
Acidic oxide Basic oxide
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Quadruplets in Molten Oxysulfide

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: (Ca?*,Si%*)(0%,5%)

AGcasiss =0

Sis, -=.CaS

Ca* o) '
_— 1
AQgigios = 0 \ e Si ; A9cacaios =

LS | © Si ClCa
i b o o o o
SIOZ AQcasioo <0 Ca0
Acidic oxide Basic oxide

0 Pohang University of Science & Technology, POSTECH

Gibbs enerqgy of each Quadruplets

* Ycacaioo: Ycacasss: Isisioo: Ysisiss
are taken from literature (Gibbs

energies of pure oxides and
sulfides).

* AQcasiioo IS taken from existing
thermodynamic database

=0 (FactSage database).

* AQcasiiss ADcacaos: @Nd AGgisios
are set to zero (i.e. treated as
ideal solutions).

* Jcasiios IS the average of gcasioos
Jcasiissr Icacaos and Jsisios-
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Quadruplets in Molten Oxysulfide

In order to take into account the two reactions simultaneously,
= Slags are assumed to have cationic and anionic sublattices,
= All possible quadruplets are considered.

. 2+ Qi34+ 2- Q2-
Example: (Ca**,Si**)(0*,5%) Gibbs enerqy of each Quadruplets

Agcasiss = 0
SIS, -==-- .-~ CaS * 9cacaioo: Ycacwss: Isisioor Isisirss

. : : B are taken from literature (Gibbs
%@ I %g 1 %‘ \ energies of pure oxides and
, L ‘- sulfides).

| —
- Acasios =0 _ . | * AQcasijo0 IS taken from existing
< thermodynamic database

'S (N C I :
Abgisios =0 é&? Lt I M1AGcaca0s = O (FactSage database).

! . . ! % * Acasiiss: Acacaioss @Nd AJgisios
-------------- - are set to zero (i.e. treated as
ideal solutions).

e e e el " —

,SQO_ Ca*e- C%Q * Ocasiios 1S the average of geasioo.
LS © = ClCa Jcasiiss' Icacaios @Nd Jgisijos:
SIOZ AQcasioo <0 Ca0

Acidic oxide Basic oxide
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Quadruplets in Molten Oxysulfide

In order to take into account the two reactions simultaneously,
= Slags are assumed to have cationic and anionic sublattices,
= All possible quadruplets are considered.

. 2+ Qi34+ 2- Q2-
Example: (Ca**,Si**)(0*,5%) Gibbs enerqy of each Quadruplets

Agcasiss =0
SIS, .-~ CaS * 9caca/oor Ycacasss: Isisioo: Isisiiss
B are taken from literature (Gibbs
%@ %g ; %‘ \ energies of pure oxides and
! ; sulfides).
AgCail 0s=0 1 i * AQcasiioo IS taken from existing
| I .
- thermodynamic database
i C | !
AQgiios = 0 Sé*? ‘ I & ! AQcacaos = 0 (FactSage database).
L i—m = — .! } * AQcasisss AgCaCe_l/OS and Ags;sjos
-------------- are set to zero (i.e. treated as
ideal solutions).
,SQO_ Ca*e- C%Q * Jcasijos IS the average of geasiioo
©si O Si ()Ca Jcasiiss Icacaios @Nd Jgisijos:
SI0, AGcasioo < 0 Ca0
Acidic oxide Basic oxide

No new adjustable fitting parameters
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Gibbs Energy of the Molten Oxysulfide

Gibbs energy of the molten oxide containing sulfur is

fi
G= > niymgijm—TASOE
i?j?k?l
i,j=Ca,Si---
k,1=0,S---
where the configurational entropy is obtained by randomly distributing the quadruplets
on the quadruplet sites using an Ising-type approximation:

Asconﬁg Xz/k:

i=Ca,Si, .- ,0,S,

i=Ca,Si,
k=0,S,--
+ 5 Nij/kl 10 A
p ij/ (2—57;j)(2—5kl)Xi/kXi/lXj/ka/l
Za]vkal }/Z}/}Yk}/l
i,j=Ca,Si, -
k,1=0.,S,-

By minimizing the Gibbs energy of the oxysulfide under given T, P, and n,, the
quadruplet fractions are obtained, and sulfur concentration in the slag is
determined.
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Selected examples in Prediction of Sulfide Capacity

The present model has been applied to predict sulfide
capacities in Al,0;-CaO-Fe ,0-MgO-Mn0O-SiO,-TiO, slags
systems (from binary to multicomponent) by comparison
with large amount of experimental data.
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Selected examples in Prediction of Sulfide Capacity

CaO-Al,O; slag
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Selected examples in Prediction of Sulfide Capacity

Ca0-SiO, slag

2.0 [ e e _
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Selected examples in Prediction of Sulfide Capacity

CaO-Al,0,-SiO, slag Ca0O-Al,0,-MgO slag

Sio, AlLO,

° [09Tan]!®9l T = 1650C °[93Hin](54l

T =1400C

Cao 80 < 60 40 20 ALO,Ca0 <60 40
Mass pct CaO Mass pct CaO
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Extention of the Present Model to High Sulfur Content

Multicomponent slags (Al,O0,-CaO-Fe,0-MgO-MnO-Si0,-TiO, ) GactSage’”

0.0
o ACFMNS | | | |
- acevs A ALOg4, C: CaOo, F: Fe,O
A ACFMST
v AcMN  M: MgO, N: MnO
-1.0 - < ACMNS _ _ =
+ ACM S: SiO,, T : TiO, &
+ ACMS
% ACMS
X ACS
2.0 - ° ACST
® AFS o 4o
— = AMN Prediction!
= A AMS
O v ANS
7 -3.0 —® CFs _
@) @ CMNS
S S CMS
— . © CMT
® CNS
-4.0 = CST .
= FMS
= FNS
> U FST
X T MNS
50 - X = NST _
S
-6.0 l | | | | ]
-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0
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Applications in Sulfur Distribution Coefficient

O3\ 3
0 Cs = (mass pct. S)glag (%)

[S]+ 1/20,(9) = [O] + 1/2S,(g); K

For steel refining purpose,

(mass pct. S)glag

Lg =
imass pct. Slsteel

A 4
log Lg = log Cs + log f[S] — log ajo] + log K
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Applications in Sulfur Distribution Coefficient

Sio, MgO
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N
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Extention of the Present Model to High Sulfur Content

Steel/slag reaction Steel/inclusion reaction
o Low (Wt%S) in slag * High S content (oxysulfide,
e Sulfide capacity sulfide)

e Solubility limit of sulfide

/ CaS
Slag
Steel \

A it CaO-Al,0,-Cas

Wang et al., Met.B. (2002)
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Predicted Solubility Limit (Phase Diagram) of OxySulfide Systems

MnO-SiO,-MnS MnS
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80 60
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Ca0O-Al,0;-Cas

6
Molefraction CaS

Cas
CaO Al,O,
2000 [ ‘ ‘ —— ‘
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Phase Equilibria in Sulfide Systems: CaS-MnS

3000

L [32]
- 31
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Sulfide Inclusions in Steel by Ca Injection

After Ca injection in steel

Refining
d Modifiy Al O, (solid inclusion) to CaO-Al, O, (liquid
inclusion)
4 CaS (either CaO-Al,0,-CaS (liquid inclusion) or CaS (solid
inclusion) forms if [S] in the steel is high
Solidification
1 forms (Ca,Mn)S solid solution as inclusions
= (Ca,w)S: hard and non-deformable causing cracks
" (Mn,)S: easily deformed

Therefore, depending on the steel grade, proper control of the S
content of the steel is necessary.

M Pohang University of Science & Technology, POSTECH
Graduate Institute of Ferrous Technology, GIFT Clean Steel Laboratory




Ca0-Al,0,-CaS type inclusions in Steel; during refining steels

Fe-0.5Mn-0.03Al-0.0020-xCa-yS (wt%) steel at 1550C (y = 0.002, 0.005, and
0.01).

15
AL O |4
CaS 23 :
\ +
107 Liquidus at550°C » KcaAllzow- CaS

CaO

Weight % CaS

f N s1=0.01% |

51 \ DTV ]

Low [S] seems to be safe \ X(KCaAl 0 ]
L\ o

| CazAlLO, | * | CaAl,0,
0 ‘ \ , N | I , A \ ‘
0 20 40 60 80 100
CaOo Weight % Al,O, Al,O,
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Ca0-Al,0,-CaS type inclusions in Steel; during refining steels

3000 \ 32 .
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Ca0-Al,0,-CaS type inclusions in Steel; during solidification of steels

1700
1600 |
L
1500
0 BCC
1400
-
<
2_1300 FCC
H1200
1100
1000 ‘ ‘
0 20 40 60 80 100
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Concluding Remarks

1 Thermodynamic database in FactSage system for oxide (solid
and liguid) has been developed for many years at the CRCT,
using Quasichemical model for liquid phase.

JA 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.

1 The model was also applied to predict sulfide solubility limit
in molten oxysulfide melts.

1 The model was used to calculated sulfur distribution
coefficient between slag and steel (L;), and (oxy)sulfide
inclusions evolution in steel during refining and solidificaiton.
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