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Gibbs energy

G = H ïTS;   G: Gibbs Energy, H: Enthalpy, S: Entropy

1. For pure element or pure compound (Al, O2, Al2O3, etc.)

o

T

o

T

o

T TSHG -=

ñ+D=

T

K

p

o

K

o

T dTCHH
298

298 ñ+=

T

K

po

K

o

T dT
T

C
SS

298

298

is enthalpy for compound at 298 K with 

reference of pure stable elemental species

At 298 K 1 atm (               , unknown)

: Cp = a + bT + cT-2

+ dTlnT + · · ·

is known (measurable)

Standard state for H :                

for all stable elements at 1atm and 298K.

Fe(bcc), Fe(fcc), Fe(l), H2O(l), H2O(g), H2(g), 

O2(g), O(g), CaO, FeO, C(s), CO2, CO,.

0ȹHo

298K=

is standard entropy at 298 K

(              )00 =
o
KS00 ¸

o
KH

* In FactSage compound database,

,         , , are stored.

Ą Absolute Gibbs Energy of compound

relative to elemental species.

o

298KȹH
o

KS298 pC
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Gibbs energy

2. Chemical reaction between pure compounds (No solution)

nA + mB = AnBm

o

rxn

o

rxn

o

B

o

A

o

BArxn

STH

mGnGGG
mn

D-D=

+-=D )(

In many thermo books, these           ,        are given.

These values are not absolute values, but dependent on each chemical 

reaction. 

Ą In the FactSage, therefore, absolute Gibbs energy of each species 

(relative to elemental species) is stored.  Then, the reaction Gibbs 

energy for each reaction can be automatically calculated from the Gibbs 

energy of each species.

o

rxnHD o

rxnS
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Gibbs energy

3. Chemical reaction involving gas

nA + O2(g) = AnO2

At Equilibrium state

)(
22 O

o
A

o
OArxn mGnGGG

n
+-=D

i
o
ii PRTGG ln+=

for gas species i 

2
ln O

o PmRTG -D=

0=D rxnG

)ln(
2

1
m

OP

o RTG -=D\
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Gibbs energy

3. Chemical reaction involving gas (continue)

In general, for aA + bB(g) = cC + dD(g)

At Equilibrium

)ln( b
B

d
D

P

Po RTG -=D

KRTGo ln-=D K: Equilibrium constant
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Gibbs energy

4. Chemical reaction involving solid or liquid solution

)ln()(ln)( i
o

pureisoini aRTGG += a: activity

change of Gibbs energy of i in solution

by interacting with surrounding species

Definition of activity

o

Ap

Pure Liquid A

Pure Gas A

A in solution

Ap
Gas Mixture

AAo

A

A
A x

P

P
a g==

Ḉactivity is movement of species in solution
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Gibbs energy

Definition of activity

ii

o

iii xppa g== )/(

0 x i
1

ia

(+) deviation

(-) deviation

ideal

1

4. Chemical reaction involving solid or liquid solution

(+) deviation: repulsion between i and other species

Ą : more active chemical reaction of i

(-) deviation: attraction between i and other species

Ą : less active chemical reaction of i

ii xa >

ii xa <

In general, for aA + bB(g) = cC + dD(g)

At Equilibrium

)ln( b
B

a
A

d
D

c
C

Pa

Pao RTG -=D

ä ä-=D reactantsproductsrxn GGG

* FactSage solution database contain the 

model and model parameters to calculate           

Ą ia
iG
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Gibbs energy minimization

In most of thermodynamic book, we always calculate equilibrium condition

0=D rxnG eq

o KRTG ln-=D

But in reality, we want to first know the direction of reaction

mA + nB

many possible outputs

A2B

Inputs (initial condition)

Tfinal, Pfinal

(m-2)A

(n-1)B

AB2

(m-1)A

(n-2)B

A2B (m-3)A

(n-3)BAB2

(m-x)A

(n-y)B

(xA-yB)soln

Final equilibrium state?

FIRE Summer School, 2013 JUNG - 10



Gibbs energy minimization

(continue)

ĄWe have to find out which phase assemblage is most stable at given Tf

and Pf with respect to the mass balance with inputs.

Ą Gibbs energy minimization routine. (ChemSage, Solgas-mix, etc.)

The most stable phase assemblage has the lowest Gibbs energy.

In FactSage

i) Put inputs amount

ii) Select all possible phases (solid compounds, solid solutions, 

liquid solutions, gases)

iii) Set Tfinal and Pfinal

iv) Calculation (Gibbs energy minimization routine)

v) Equilibrium phases

FIRE Summer School, 2013 JUNG - 11



Ellingham diagram
ȹ

G
o

(k
J
 /

 m
o
le

 o
f 
O

2
)

T (K)

(A)

(B)

- Collection of ȹGo for oxidation reaction

mA + O2 = AmO2 (reference: 1 mol of O2)

- Only consider for pure species.

(No solutions are considered.)

TpRG

pRTG

pa

a
RTGG

O

o

O

o

OA

AOo

³=D

=D

+D=D

)ln(

ln

)()(

)(
ln

2

2

2

2 ):0(, mEquilibriuG=D

A + O2 = AO2
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Solution thermodynamics

A-B solution, (Solid or Liquid solution)

ä= iisolution GxG

i

o

ii aRTGG ln+= Gi: partial Gibbs energy of i in solution

)lnln()( BBAA

o

BB

o

AA axaxRTGxGx +++=

XB

mixgȹ

solutiong

o

Ag

o

Bg

AAg m=

BBg m=A

o

AA aRTgg ln+=

AaRT ln

: Chemical potential of i
im
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Solution thermodynamics

A-B solution, (Solid or Liquid solution)

1. Ideal solution:

)lnln()( BBAA

o

BB

o

AAsoln axaxRTGxGxG +++=

1,1 == BA gg

)lnln()( BBAA

o

BB

o

AAsoln xxxxRTGxGxG +++=

2. Regular solution:
2ln BABA xRT W=g

BAABBBAA

o

BB

o

AAsoln xxxxxxRTGxGxG W++++= )lnln()(

ɋ: Regular solution parameter
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3. General solution: ),( TxfA=g

ä
²

=
1, ji

j

B

i

A

ij

AB

ex xxG w

Solution thermodynamics

A-B solution, (Solid or Liquid solution)

)lnln()( BBAA

o

BB

o

AAsoln axaxRTGxGxG +++=

ex

BBAA

o

BB

o

AAsoln GxxxxRTGxGxG ++++= )lnln()(

* FactSage supports many complex solution models.

Solution database (FToxid, FTSalt, ....) contains optimized

model parameters reproducing Gibbs energy of solution.
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Gibbs Energy vs. Phase Diagram

Ą Phase diagram is the collection of minimum Gibbs energy 

assemblage of given system with temperature.

T1

Porter, D.A., and Easterling, K.E., Phase Transformation in Metals and Alloys, 2nd Ed. CHAMAN & HALL (1992) 
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Gibbs Energy vs. Phase Diagram

Ą Phase diagram is the collection of minimum Gibbs energy 

assemblage of given system with temperature.

T2

Porter, D.A., and Easterling, K.E., Phase Transformation in Metals and Alloys, 2nd Ed. CHAMAN & HALL (1992) 
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Gibbs Energy vs. Phase Diagram

Ą Phase diagram is the collection of minimum Gibbs energy 

assemblage of given system with temperature.

T3

Porter, D.A., and Easterling, K.E., Phase Transformation in Metals and Alloys, 2nd Ed. CHAMAN & HALL (1992) 
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Gibbs Energy vs. Phase Diagram

Ą Phase diagram is the collection of minimum Gibbs energy 

assemblage of given system with temperature.

T4

Porter, D.A., and Easterling, K.E., Phase Transformation in Metals and Alloys, 2nd Ed. CHAMAN & HALL (1992) 
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Thermodynamic Database Development: FactSage

Pure compound

Solution

ü Calorimetry

ü emf

ü Knudsen cell

ü Vapor pressure

ü emf (activity)

ü Knudsen cell (activity)

ü Vapor pressure (activity)

ü Solution calorimetry (enthalpy)

ü Phase diagram

o

T

o

T

o

T TSHG -=

ñ+D=

T

K

p

o

K

o

T dTCHH
298

298

ñ+=

T

K

po

K

o

T dT
T

C
SS

298

298 ñ=
K

K

po

K dT
T

C
S

298

0

298

ä
²

=
1, ji

j

B

i

A

ij

AB

ex xxG w
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Dilute Solution

: Henryôs law

0 xA
1

Aa

(+) deviation

(-) deviation

ideal

1

o

AA gg=
A

o

Axa g=A

o

Ag

slope

Constant slope

Henrian activity coefficient
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Dilute Solution

Most of refining process involves impurity elements (dilute solutes)

Ą Henrian activity is important 

For example, Al-deoxidation process in steelmaking,

)()(

)(
ln

)()(

)(
ln

3232

3232

O

o

OAl

o

Al

OAl

OAl

OAlo

XX

a
RT

aa

a
RTG

gg
-=-=D

o

Alg is the Henrian activity coefficient of Al in pure liquid Fe 

Ą Change of       from       : interaction coefficients
o

AlgAlg

...lnln ++++= C
C
AlO

O
AlAl

Al
Al

o
AlAl xxx eeegg

)(32 32 sOAlOAl =+

Now, if we have other elements in Fe such as O, Mn, C, etc. 

there is interaction between Al and these elements.

FIRE Summer School, 2013 JUNG - 22
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coefficients and interaction parameters for liquid steel.



Change of Standard State

)( ii gg

Gibbs Energy

o

wtig .%)(

o

Rig )(

o

Hig )(

)(ln RiaRT

)(ln HiaRT %)(ln wtiaRT

.%)(.%)(

)()()()(

ln

lnln

wti

o

wti

Hi

o

HiRi

o

Rii

aRTG

aRTGaRTGG

+=

+=+=

o

i

o

HRi RTG gln)( =D ­

üRaoultian standard state Ą Henrian standard state

ö
ö
÷

õ
æ
æ
ç

å
=D ­

i

Bulk

o

io

wtRi
M

M
RTG

100
ln%)(

g

üRaoultian standard state Ą 1 wt.% standard state

...ln +++= k

k

ij

j

ii

i

ii xxxf eee

iiHi xfa =)(

iiwti xfa =.%)(

...]%[]%[]%[log +++= kwtejwteiwtef k
i

j
i

i
ii
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Heat evolution calculation

A(s)H
e

a
t 
(e

n
th

a
lp

y)

A(L)

CP(s)

CP(l)

DHm (melting)

process
H initial

H final

DH = H final - H initial = 

╣
░▪░◄░╪■

╣
□▄■◄░▪▌

╒▬▼ D╗□▄■◄░▪▌
╣
□▄■◄░▪▌

╣
█░▪╪■

╒▬■
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A(s)

B(s)

AB(s)

H
e

a
t 

(e
n
th

a
lp

y)

process

D
H

f

DHf = heat of formation (or reaction) 
from A(s) + B(s) to AB(s)
(typically negative value)

Heat evolution calculation
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Heat evolution calculation

A(s)

B(s)

AB(s)

A-B solution 
(liquid)

A(L)

B(L)

H
e

a
t 
(e

n
th

a
lp

y)

process
In FactSage, the Hinitial and H final are directly calculated because the H of each phase is 
calculated from the thermodynamic equations of each solid or liquid phases.
Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǎŜƭŜŎǘ ǇǊƻǇŜǊ ƛƴƛǘƛŀƭ  ŀƴŘ Ŧƛƴŀƭ ƳŀǘŜǊƛŀƭǎ Ψ ǎǘŀǘŜǎ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜǎ
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Gibbs energy of reaction

i
o
ii aRTgg ln+=

reactantsiiproductsiireaction gngnG )()( ää -=D

Activity of i
Standard state should be checked carefully

o
reactionGDIn FactSage,                    (between pure compounds) can be calculated

from the ñReactionò module, and the activity of each reactant/product 

component can be calculated using ñEquilibò module.
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2

2ln

0,

22

OA

AOo

pa

a
RTG

GmEquilibriuat

AOOA

-=D

=D

=+

Advantage of thermodynamic database

Spinel

Monoxide

Corundum

Slag

Ellingham Diagram FactSage calculations

ÅEllingham diagram : Reaction between pure stoichiometric oxide phases. 

ÅFactSage calc.: Multicomponent phase equilibria including many solid/liquid/gas solutions.

- for example,  Spinel/Slag/Monoxide/Corundum/Fe-steel/Gas/etcé.

vs
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Commercial Databases and Programs

F*A*C*T + ChemSage: CRCT, Canada + GTT Tech., Germany

www.crct.polymtl.ca, www.factsage.com 

TD: Oxide (slag, inclusion, refractory), Salt, Steel, Light alloy (very good)

Fully Window Interface

KTH, Sweden, www.thermocalc.se 

TD: Steel, Light Alloy (very good) + poor Oxide

DICTRA (Diffusion Process)

DOS Interface, Window Interface

NPL, UK, www.npl.co.uk/npl/cmmt/mtdata 

TD: Oxide, Salt, Steel, Light alloy (good)

Window Interface

SGTE (Europe + Canada + US), www.sgte.org

Orginazation of Database Development

JUNG - 30
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Since 1976
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Desulfurizing a Steel by CaSi Addition.  

Gas phase, 

mainly Ar

No solid phases 

(activity<1)

Two liquid solutions:

Åliquid steel

Åslag containing sulfur

JUNG - 32
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weight fraction

Spinel

Ca2SiO4

Mullite
1500

1500

1500

1402

14
00

1500

1445

1450

1450

1450

MgO(mono)

CaO(mono)

melilite

Anor

Cord

1600

1700

1800

14
90

1351

1458

1455

1600

1700

1420

1430

Sapphirine

2400

2300

2200

2100
20001900

2100

2000

1430

1500

1450

(CaO) (MgO)

(SiO2)

60 50 40 30 20 10

60

50

40

30

20

1060

50

40

30

20

10

30wt% Al2O3

Prediction of Phase diagrams
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The thermodynamic database can be used along with the 
Gibbs energy minimization software of FactSage to calculate:

ÅSlag/Metal/Inclusion/Gas/Refractory equilibration

ïInclusion chemistry

ïMaximum solubility of refractories

ïSlag/metal equilibration

ïde-O, de-S, de-P, é

ïEtc.

Åany phase diagram section for multicomponent systems
isothermal, isoplethal, etc.

Åcooling paths of slag and alloys 
(Equilibrium, Scheil-Gulliver, etc.)

ÅMass/Heat balances: alloying 

ÅViscosity of slag

FactSage for Steelmaking

JUNG - 34
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Merits of Using Thermodynamic Calculations in 

Alloy and Process Design

ÅReduce Time/Cost/Manpower by effective searching for 

optimal conditions, compositions, etc. through 

thermodynamic calculations.

ÅEliminate ñTrial and Errorò Approach.

ÅCalculations are rapid.

ÅDoes not require expert knowledge of thermodynamics.

JUNG - 35



Thermodynamic Modeling / Applications

Phase diagram data
ÅPhase diagram

ÅS/L/G phase equilibria

Crystal Structural data

one set of Gphase = f (T,x,P) for all phases

(Good thermodynamic model ­ High predictive ability)

Critical Evaluation/Optimization

Thermodynamic data
ÅCalorimetric data: Heat capacity,  

H of mixing, H of melting, etc.

ÅVapour pressures

ÅChemical Potentials: activity

Åetc.

Construction of Thermodynamic Database
Unary ­ Binary ­Ternary ­ Multicomponents

Applications to Materials / Process Design/Analysis
ÅComplex chemical reactions

ÅSolidification / Equilibration calculations (as-cast/as-annealed)

ÅMulticomponent phase diagrams

ÅMass/Heat balance with stream: process simulation

ThermoCalc

Pandat

JUNG - 36FIRE Summer School, 2013
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o
T

o
T

o
T TSHG -=

ñ+D=

T

oo
T CpdTHH

298

298 ñ+=

T

oo
T dT

T

Cp
SS

298

298

Thermodynamic Database Development

ex

BBAA

Lo

BB

Lo

AA

L GXXXXRTGXGXG ++++= )lnln(,,

ä= n

B

m

A

mn

AB

ex XXqG

To get high predictive ability, thermodynamic model 

should reflect the structure of solutions (phases)

For example, Random mixing solution (ideal, regular, sub-regular solutions)

Pure compounds

Solutions
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Thermodynamic Database Development

In our databases, many different models are used such as:

ÁSlag: Modified Quasichemical Model (short-range-

ordering) 

ÁSolid solution: Compound Energy Formalism

(crystallographic information)

ÁLiquid Fe: Generalized Interaction formalism (dilute 

solution)

JUNG - 38
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Quasichemical Model for Short-Range Ordering

SiO2ïCaO ïMgO ïAlO1.5 ïFeO ïFeO1.5ïé 

- Consider a random distribution of second-nearest-neighbor cation pairs.

- Model parameters are the Gibbs energies of the pair-exchange reactions such 

as:

[Ca-Ca]pair + [Si-Si]pair = 2 [Ca-Si]pair DgCaSi < 0

This is equivalent to O2- + Oo = 2O-

( )
( )

2 2

0 0

0

2

, = number of moles and Gibbs energy of component i in solution

SiO SiO CaO CaO

config

mn mn

n m

i i

G n G n G

T S n g

n G

>

= + +

- D + Dä

where :

nmn = number of moles of [m -n] pairs at equilibrium
DSconfig = (Ising) entropy for random distribution of pairs = function of ni and nmn

Dgmn = binary model parameters 
(which may be functions of composition and T)

(The equilibrium values of nmn are obtained by setting µG/µnmn= 0 at constant ni)

ÅUsed for the liquid oxide solution
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Silicate Slag: Network structure
-Consideration of Second Nearest Neighbor Short-Range-Ordering-

CaO-SiO2

T = 1600
o
C

broken oxygen bridges

bri
dg

ed
 o

xy
gen

Park and Rhee, 2001
free oxygen
broken oxygen bridges

bridged oxygen

fre
e
 o

x
y
g
e
n

CaO                         mole fraction                         SiO2

B
o

n
d

 f
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c
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o

n
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c
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f 
b
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e
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x
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e
n

 b
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0.4
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0.7
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1.0

Calculated bonding in liquid silicates

O0 + O2- = 2 O-
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Slag system like OxySulfide, OxyFluoride, etc.
-Consideration of First and Second Nearest neighbor Short-Range-Ordering-

Two Sublattice
Modified Quasichemical
Model
(QuadrupletApproximation)

General Central 
Atom (GCA) Model O2-Si4+

O2-

O2-S2-

S2-

S2-

O2-

O2-S2-

Ca2+ Si4+

O2-

S2-

O2- O2-Ca2+

Ca2+

Al3+

Si4+
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Modified Quasichemical Model

ĄBond fraction (Silicate network structure)

ĄActivation energy of bond breaking reaction:  Binary 

parameters + Association energy for M+Al3+ replacing Si4+ in 

silicate network

ĄPrediction of multicomponent system (oxide and oxy-fluoride)

ĄHeterogeneous (solid + liquid): Einstein-Rosco equation

Database for molten slag

CaO-MgO-SiO2-Al2O3-FeO-Fe2O3-MnO-TiO-TiO2-Na2O-K2O-

Li2O-B2O3-F (-PbO-NiO)

Database for glass (supercooled melt)

CaO-MgO-SiO2-Al2O3-Na2O-K2O-B2O3-PbO

Slag Viscosity: Structural Viscosity Model

JUNG - 42
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The Na2O-Al2O3-SiO2 system

1200 1400 1600ÁC

below liquidus

Toplis et al. 1997
mole fraction SiO2 = 0.5

Riebling, 1966

1600ÁC
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Fig. 16

Fig. 17

Fig. 18

Fig. 19

Fig. 20
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The Na2O-Al2O3-SiO2 system

1200 1400 1600ÁC

below liquidus

Toplis et al. 1997

Stein and Spera, 1993

mole fraction SiO2 = 0.67

Riebling, 1966

Kim and Lee, 1997
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45Viscosity of CaO-Al2O3-SiO2-R2O (R=K, Na, Li)
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Viscosities of various systems
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Details of Oxide Solution Database for Steelmaking Applications



2011
MontrealMontreal

2014

Montreal

2014

Database in FactSage

Brief History of FACTSAGE Database Development

1976~2001: F*A*C*T    Ą 2001~present: FactSage (a fusion of F*A*C*T + ChemSage)

< 1998 : FACT database (before 1998)

1999~2003 : FACT53 database

2000~2004 : FACT Consortium project (2000~2004): 16 companies

pyrometallurgy (ferrous, non-ferrous), hydrometallurgy-corrosion, glassmaking

- FACT53 database Ą FToxid, FTmisc, FThall, FTsalt, FThelg,.. 

- New alloy databases: FSStel, FSlite, FScopp, SGTE, é.

2004~2010 : Mini-consortiums 

- Al consortium (Alcoa, Alcan, and Norsk-Hydro)

- Glass consortium (Corning, Schott, and Saint-Gobain)

- Light alloy (Al, Mg) consortium (Al consor., GM and MagNET): FTlite

- Steelmaking consortium (Posco, RIST, and Tata Steel Europe) 

2011~2014 : Mini-consortiums

- Al consortium (3 companies), Glass consortium (3 companies)

- Steelmaking consortium: 11 companies ĄConsortium database (óCON1ô)
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Database in FactSage for Steelmaking Applications

FACTPS: All gaseous species, stoichiometric solid and liquid species

(organic, inorganic) 

Ą Similar to thermodynamic table like JANAF, Barin-Kubaschewski

FToxid: Most updated Oxide database with 

- many solution phases (slag, spinel, monoxide, olivine, etc.)

- pure solid and liquid oxides, No gas phase

FTmisc: FeLq solution

- most reliable liquid steel database for steelmaking calculations 

(slags/refractories/gases/molten iron)

FSStel: solid and liquid steel phases 

(also includes small number of gases, oxides, sulfides, nitrides, etc.) 

- for steel solidifications and alloy design. 

- liquid steel: reasonable calculations for steelmaking applications

Ą For steelmaking calculations:

priority: FToxid > FeLq > FACTPS

(from FactSage 6.4 version, the best selections of phases among 

multiple databases are provided)
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FToxid database

Main solution phases when T > 1550oC (steelmaking)

ÁSlag (I option): CaO-MgO-Al2O3-SiO2-FeO-Fe2O3-MnO-Mn2O3-Ti2O3-TiO2é

+ Gas solubility such as S (SO2), P, H (OH), N, C, F, é

ÁSpinel (I option) (SPIN): (Mg,Fe,Mn,Co,Ni,Zn)(Al,Fe,Cr,Co,Mn,Va)2O4, extensive solid solution 

containing MgAl2O4, MgCr2O4, MgFe2O4, FeCr2O4, Fe3O4, FeAl2O4, Cr3O4, MnAl2O4, 

MnCr2O4, MnFe2O4, etc. 

(AlSp): (Fe,Mg,Mn)Al2O4-Al2O3 solution 

Áa-, aô-Ca2SiO4 (aC2S, bC2S): Ca2SiO4 (C2S) rich solution with limited solubility of Mg2SiO4, 

Fe2SiO4, Mn2SiO4,etc.

ÁOlivine (Oliv): Mg2SiO4, Fe2SiO4, etc. (Mg,Fe,Ca,Mn,Ni,Zn,Co,Cr,etc.)2SiO4, covering 

forsterite (Mg2SiO4), fayalite (Fe2SiO4), g-Ca2SiO4, monticellite CaMgSiO4, tephroite Mn2SiO4. 

I option specially when Ca2SiO4 exists.

ÁCorundum (CORU): (Al,Cr,Fe,Mn)2O3 solution, the solution of Al2O3, Cr2O3 and Fe2O3. Solid 

miscibility gaps exist between the constituents. I option required.

ÁMonoxide (halite) (MeO_): of CaO-MgO-FeO-MnO-NiO-Fe2O3-Al2O3-Cr2O3 etc. well-known 

lime (CaO), periclase (MgO) and wustite (FeO). I option especially when CaO and MgO exist

together.
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ÁMn/Ti oxides: 

i) ilmenite (ILME): (FeTiO3(ilmenite)ïTi2O3ïMgTiO3ïMnTiO3 + Al2O3),

ii) pseudo-brookite (PSEU): (Ti3O5ïFeTi2O5-MgTi2O5ïMnTi2O5 ),

iii) Ti-spinel (TiSp): (Mg,Fe,Mn)[Mg,Fe,Mn,Ti,Al]2O4

iv) Rutile (TiO2):TiO2 + Ti2O3-ZrO2 solid solution 

ÁMullite (Mull): non-stoichiometric Al6Si2O13 with possible solubility of B.

(MulF): stoichiometric Al6Si2O13 with dilute Fe6Si2O13.

ÁMelilite (Mel_): Ca2[Mg,Fe2+,Fe3+,Al](Fe3+,Al,Si)2O7. Akermanite Ca2MgSi2O7 and gehlenite 

Ca2Al2SiO7 form the melilite solid solution stable below 1590 °C. 

Main solution phases when T < 1550oC (solidification of slag)

ÁWollastonite (Woll): (Ca,Mg,Mn)SiO3, which is a CaSiO3 rich phase stable below 1300 °C. 

Pseudo-wollastonite is stoichiometric CaSiO3 stable below 1550 °C. 

Ápyroxene (pPyr, oPyr, cPyr): (Mg,Ca,Fe)[Mg,Fe]Si2O6, which is a MgSiO3-rich phase stable 

below 1560 °C. proto-, ortho-, low-clino-pyroxene exist. Clino-pyroxene is a CaMg2SiO6-rich 

phase, which is stable below 1390 °C.

ÁRhodonite (Rhod): (Mn,Ca)SiO3, a MnSiO3-rich solid stable below 1300 °C.

FToxid database
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Main solution phases in CaO-Al2O3-SiO2-FetO system when high PO2 (air)

CAFS Ca2(Al,Fe)8SiO16, CAF6 Ca(Al, Fe)12O19, CAF3 Ca(Al,Fe)6O10,  CAF2 Ca(Al,Fe)4O7

CAF1 Ca(Al,Fe)2O4, C2AF Ca2(Al,Fe)2O5, C3AF Ca3(Al,Fe)2O6

Main solution phases when T < 1550oC (mould flux, Na2O containing system)

ÁNepheline (Neph): NaAlSiO4 with excess SiO2. 

ÁCarnegeite (Carn): NaAlSiO4 with excess SiO2. 

ÁNaAlO2 (NASl): low temperature - NaAlO2 with excess NaAlSiO4 

ÁNaAlO2 (NASh): high temperature - NaAlO2 with excess NaAlSiO4

ÁCombeite (NCSO): Na4CaSi3O9 (bombeite) ïNa2Ca2Si3O9 solid solution

ÁFeldspar (Feld): complete solution between Anorthite(CaAl2Si2O8)-Albite(NaAlSi3O8)

ÁNCA2: (Na2,Ca)O·Na2O·2Al2O3 solid solution

ÁC3A1: Ca3Al2O6 dissolving Na2O, (Ca,Na2)1Ca8Al6O18 solution

Most updated version of Na2O containing system in available in ñCON1ò database

FToxid database
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FTmisc (FeLq) and FSStel

FeLq
Liquid Fe containing Ag,Al,B,Ba,C,Ca,Ce,Co,Cr,Cu,H,Hf,La,Mg,Mn,Mo,N,Nb,Nd,Ni,O,P,Pb,Pd,S,Si, 

Sn,Ta,Th,Ti,U,V,W,Zr. This phase is better suited for calculations involving iron and steelmaking 

processes (optimized for iron-rich solutions only). 

ĄBased on the Unified Interaction Parameter Formalism (advanced than Classical Wagnerôs 

Interaction parameter formalism) with associate model for deoxidation. Many interaction 

parameters between metallic elements are taken from JSPS (Japanese compilation)

FSStel database
ÁFCC/BCC: Fe / Carbide / Nitride are all treated as FCC phases

Ą Fe with N and C : use J option (3-miscibility gaps).

Ą Fe with N or C : use I option (2-miscibility gaps).

Ą Also recommend to use I option for BCC phase
For example, see Fe-Ti-Nb-C-N example.

ÁLiquid: O and S are treated as associate model

ÁFCC ordered phase (FCC_L12), BCC ordered phase (BCC_B2) normally slow down the 

calculations significantly. If you are not really interested in order/disorder transitions, do not to select 

these phases.

Carbon: when C content is lower than ~ 1%, Fe3C (metastable) phase is normally formed instead 

of C (stable). So, in the selection of solid phases, ñunselectò C solid phases.
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The important chemical systems of non-metallic phases for steelmaking 

processes can be summarized as follows. All of these are modeled in the 

FactSage databases. 

1) Molten slag for refining process

a) CaO-FeO-Fe2O3-SiO2-MgO-MnO-P2O5 system: BOF process

b) CaO-MgO-Al2O3-SiO2-FeO-Fe2O3 system: ladle refining process

c) CaO-MgO-SiO2-CaF2 system: stainless steel refining

d) CaO-CrO-Cr2O3-MgO-SiO2 system: AOD and VOD process for 

stainless steel

e) CaO-MgO-SiO2-MnO-CrO-Cr2O3 system: high Mn stainless steel

2) Mould flux for casting process

a) CaO-MgO-Al2O3-SiO2-Na2O-Li2O-F system: conventional process

b) CaO-MgO-Al2O3-SiO2-Na2O-Li2O-B2O3 system: new candidate.

Steelmaking Chemistry
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3) Non-metallic inclusions

a) CaO-Al2O3-MgO-CaS: conventional low carbon steels

b) MnO-SiO2-Al2O3-CaO-MnS: wire steels and free cutting steels

c) MnO-SiO2-Ti2O3-TiO2-Al2O3: high strength steels

d) Al2O3-Ti2O3-TiO2: interstitial Free (IF) steels

e) Ti-Nb-C-N: high-strength low-alloy (HSLA) steels containing Ti and Nb

4) Refractories

a) MgO-C: BOF and RH vessel refractories, ladle slag line 

b) MgO-Al2O3: ladle castable

c) MgO-Cr2O3-FeO-Fe2O3-Al2O3: VOD and AOD refractories

d) Al2O3-ZrO2-SiO2-C: nozzle refractories and tundish plugs 
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Most common phase diagrams for 

Steelmaking Applications

CaO-MgO-SiO2-Al2O3-FetO-MnO

Na2O-CaO-Al2O3-SiO2

MnO-TiO2
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Phase vs. Phase diagram
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Phase vs. Phase diagram
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Phase vs. Phase diagram
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Phase vs. Phase diagram
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Phase vs. Phase diagram
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Rys (2008): DTA-TG, heating

Rys (2008): DTA-TG, cooling
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ÅSimple examples of Equilib for various functions of FactSage: 

Target/Transition, Stream, Heat balance, Open, Fixing partial pressure,

Fe saturation, etc. 

ÅSimple examples of Phase diagram for various functions of FactSage:

Binary diagram, Ternary and multi-component - Isothermal, isopleth diagram.

ÅApplication: Activity calculations in binary, ternary and multi-component systems

Slag and FeLq

ÅApplication: desulfurization of steel

ÅApplication: Addition of new component (user defined) to Slag: V2O3 oxide in slag

Henrian activity coefficient 

ÅApplication: Addition of new  compound and solution (user defined) in calculations: 

MnCr2O4-MnAl2O4 ideal solid solution

ÅApplication: Phase diagram calculations (advanced) 

Phase diagram calculations with Fe oxide and Fe saturation: 

Multi-component phase diagrams, slag ïrefractories or inclusions

ÅApplication: Non-metallic Inclusions (inclusion formation, inclusion stability diagram)

ÅApplication: Solidification (Scheil cooling) of slag and steel

ÅApplication: Refractory design (thermodynamic stability) 

ÅApplication: Enthalpy diagram (Slag cooling and heating)

ÅMacro processing: Process simulations 

simple flowsheet type of process simulation (secondary steelmaking)

advanced examples: simple reactors

BOF(slag/metal/gas interaction), Ladle (slag/metal/inclusion interaction)

ÅViscosity module: Slag and Glass viscosity calculations
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Simple examples of Equilib

Target/Transition, Stream, Heat balance, Open, 

Fixing partial pressure, Fe saturation, Table, etc. 
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Fe-LIQUID

Si(s) + FeSi2(s)

Si(s) + Fe3Si7(s)

Fe-LIQUID + Si(s)
Fe-LIQUID + FeSi(s)
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Fe-Si binary phase diagram - Fe-5wt.% Si at 1030 oC
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Reactants Window  - Fe-Si at Fe-5wt.% Si 

Reactants Window

Data Search

Ferrous Processing 81
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Selection of solid phases

Pure solids

Menu Window - Fe-5wt.% Si at 1030 oC
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Results Window - Fe-5wt.% Si at 1030 oC
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Menu

Fe-5wt.% Si from 200 oC 

to 1800 oC every 200 oC

Fe-5wt.% Si transition calculations
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Fe-5wt.% Si formation target for liquid phase

F ïformation target phase
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Fe-5wt.% Si precipitate target for liquid phase

P ïprecipitate target phase
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Creating new stream : Fe-0.1C-1Mn-1Si at 1600oC
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Save the liquid FeLQ

phase as a stream

Creating new stream : Fe-0.1C-1Mn-1Si at 1600oC
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Import stream : Fe-0.1C-1Mn-1Si at 1600oC
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Heat balance: Fe-0.1C-1Mn-1Si(1600oC) + Al (25oC)

Adiabatic calculation : 

Delta(H) = 0

Calculated adiabatic 

temperature = 1605.5 oC
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RH ïVacuum degassing process

Open Calculation - off-gas removal 

Stream Fe-0.1C-1Mn-1Si + O2 

at 1600oC and 0.01 atm

Ferrous Processing 91
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Carbon content decreases due 

to the reactions:

C + O2 = CO2

C + 0.5O2 = CO

New slag formed due to Si and 

Mn oxidation: 

Mn + 0.5O2 = MnO

Si + O2 = SiO2

Open Calculation - results

Ferrous Processing 92
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1

2

3

Open Calculation - plot of log(wt% liquid steel)
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Fixed pO2 in Fe-Cr-O2

2

Specify the activity of the selected 

species or set a range of activities

(linear or log scale)

Fixed activity of gas and solid species

3

1

Ferrous Processing 95
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Results at log(pO2) = -20

Small amount of Cr2O3

can form on top of the

Fe-20%Cr alloy

Fixed partial pressure of a gas : O2
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Fixed partial pressure of a gas : O2

Fixed pO2 in MgO-FetO-SiO2 slag
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Results at log(pO2) = -10

Results at log(pO2) = -2

The amounts of FeO and Fe2O3 change with PO2

Fixed partial pressure of a gas : O2

Results at log(pO2) = -15
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Fixed activity of Fe: Fe saturation 

Slag (CaO-MgO-SiO2) and liquid Fe equilibration at 1600oC

One way to fix Fe saturation in steelmaking 

calculations is to add a small amount of Fe as 

an input component
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Gas / Slag (CaO-MgO-FeO-SiO2) / Liquid Fe equilibration

Fixed partial pressure of a gas : Fe saturation and fixed SO2

Ferrous Processing 100
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Gas (SO2, S2, O2, etc.)

Slag (CaO, MgO, FeO, é

CaS, MgS, FeS, etc.)

Fe-Lq (O, S, etc.)

Equilibration reactions include:

CaO + SO2 = CaS + 2O

SO2 = 2O + S

CaO + FeS = CaS + FeO

éé

Fixed partial pressure of a gas : Fe saturation and SO2
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Composition Target: slag / liquid steel equilibrium

ñ How to calculate optimum amount of CaSi to reduce S 

in liquid steel to a targeted compositionò

Composition target: target S content in liquid steel
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Add CaSi (<A>) to reduce [%S] in Fe-LIQUID to 0.002%.

Composition target: target S content in liquid steel
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Composition target: target S content in liquid steel

Amount of CaSi = 0.96 gram to obtain [%S] = 0.002%
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Fe-0.01C-0.01N-0.03Nb-0.07Ti-0.5Mn: three possible FCC phases

J option for FCC phase: Fe steel containing (Ti,Nb)(C,N) ppts
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FCC#1 FCC#1 FCC#1 FCC#1 FCC#1

FCC#3 FCC#3 FCC#3 FCC#3 FCC#3

99.39 Fe +  0.01 C +  0.01 N +  0.03 Nb +

T(C)
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Austenite, Ti and Nb carbo-nitrides  are all FCC. In the 

FSStel database, all these fcc phases are modeled as a 

single FCC_A1 solution with three possible miscibility gaps.

J option for FCC phase: Fe steel containing (Ti,Nb)(C,N) ppts
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Precipitation of AlN and MnS in a commercial Si-steel

Fe-0.054C-3.2Si-0.1Mn-0.028Al-0.015X-0.007S-0.0075N-0.05X-0.2X (wt%): Oriented Si-Steel

2nd recrystallization temp (pinning)
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Phase diagram / Phase fraction of 430 Stainless Steel
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Table calculations: multi-calculation using EXCEL sheet

For example, calculations for liquidus temperatures for many slag compositions

Ą One by one in Equilib using Precipitation target for liquid slag

Ą Or using Table calculation

Perform one calculation to make 

sure that your calculation is working
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Table calculations: multi-calculation using EXCEL sheet

Activation of Table

Check the order of inputs

This order is very important !!
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Table calculations: multi-calculation using EXCEL sheet

Prepare data in excel spread sheet (input order is the same as the input 

displayed in FactSage table mode; see previous slide) 

and then save it as ñtxtò file
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Table calculations: multi-calculation using EXCEL sheet

Import table from text file


