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Thermo-Calc SoftwareComplex Heterogeneous Interactions

Metal-Slag-Gas InteractionsMetal-Slag-Gas Interactions

Metal-Gas Interactions (Redox Reactions, Coatings, CVD, …)

Combustion/Sintering/Incineration/Remelting/Recycling 
& Environmental Issues

Dew Points

Ellingham Diagrams

and more …
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Thermo-Calc SoftwareRequirements from metallurgical industries
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Thermo-Calc SoftwareRequirements from metallurgical industries

Liquid Slag Formation and Solid Inclusions in Steels

Slag Formation in Refractory Converter

Slag-Removal During Hot/Cold Rolling (Clean Steelmaking)

Solubility/Activity of Oxygen in Liquid Steel

Metallurgical Extraction

Casting in Production Lines

… more …



Thermo-Calc SoftwareTypical Thermo-Calc Calculations

Liquid slag phase alone;
Alloy phases in equilibirum with slag phases (liquid slag + oxide solids);
Alloy+slag+gas phases. 

Using the TCC/TCW software, it is possible to make various calculations for 
heterogeneous systems involving complex metal-slag interactions:

The MACRO feature of TCC software is 
especially useful and efficient in making 
complicated calculations of complex metal-slag 
interactions in heterogeneous systems, while 
to some extends it may be time-consuming and 
experience-demanding.



Thermo-Calc SoftwareDesign of Slag Compositions: Pseudo-Binary

Phase diagram of the CaO-SiO2 pseudo-binary system



Thermo-Calc SoftwareDesign of Slag Compositions: Pseudo-Ternary

Liq

Hem + Liq

Hem + Tri + Pseudo-Wall

Hem + Tri + Wall

Hem + Qtz + Wall

Hem + Tri + Liq

Hem + Liq + 
Pseudo-Woll + 

Tri

Phase diagrams of the CaO-FeO-SiO2 pseudo-ternary system

Liq

Liq + Hem Liq + α-Ca2SiO4

Hem + Oli

Hem + 
Lar

Hem + α-Ca2SiO4



Thermo-Calc SoftwareDesign of Slag Compositions: Pseudo-Quaternary

T≅1600 oC
Basicity=2-3

MgO ≅9
20% Al2O3

T=1590C
20% Al2O3

CaO-MgO-SiO2 (at 20% Al2O3)



Thermo-Calc SoftwareDesign of Slag Compositions: Multi-Component

Phase diagrams of the CaO-MgO-MnO-FeO-Fe2O3-SiO2 system
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Thermo-Calc SoftwareDesign of Slag Compositions: Multi-Component
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Thermo-Calc SoftwareSuccessful Application (Example)
Liquid Slag Formation & Solid Inclusions in Refractory Converter

AOD Converter at  TK AST



Thermo-Calc SoftwareLiquid Slag Formation & Solid Inclusions
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T= 1600°C

Inclusion modification by Ca treatment: Case 1



Thermo-Calc SoftwareLiquid Slag Formation & Solid Inclusions

Phases present in inclusions in equilibrium with steel as a function of 
Ca & O content.

Steel composition: Al = 400 ppm, Si = 100 ppm, Mn = 2500 ppm and Mg = 4 ppm; 
T=1600°C
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Thermo-Calc SoftwareLiquid Slag Formation & Solid Inclusions

Modification of inclusions due to interactions 
with two slag phases at different compositions.

Slag A: CaO 55% SiO2 15% Al2O3 30%
Slag B: CaO 65% SiO2 10% Al2O3 25%

Slag emulsification Initial inclusions  

modified by slag  B 
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Thermo-Calc SoftwareExperiences from metallurgical industries

AOD Converter at  TK AST

Tuyeres area: texture of recation zoneTuyeres area: texture of recation zone

Improved AOD Process Control System:
Experiements
+ Calculations

Liquid Slag Formation & Solid Inclusions in Refractory Converter



Thermo-Calc SoftwareExperiences from metallurgical industries

AOD Converter at  TK AST

Table VII – New phase composition generated after reduction at the equilibrium in the slag line

Liquid Slag Formation & Solid Inclusions in Refractory Converter
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Thermo-Calc SoftwareOxygen Solubility/Activity in Liquid Steel
Formation of liquid slag and solid inclusions 
under certain temperature conditions (and partial CO2 pressures)

0.01260.0120.0340.1670.6350.30.290.661.913.45remaining
NbCoNiMoCuAlCrMnSiCFe
0.01260.0120.0340.1670.6350.30.290.661.913.45remaining
NbCoNiMoCuAlCrMnSiCFe

0.030.090.010.0240.0360.055<0.0020.0158
OSNBPVMgTi
0.030.090.010.0240.0360.055<0.0020.0158
OSNBPVMgTi

Bulk Composition (wt%)



Thermo-Calc SoftwareOxygen Solubility/Activity in Liquid Steel

Formation of liquid slag and solid inclusions
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Thermo-Calc SoftwareOxygen Solubility/Activity in Liquid Steel

Formation of liquid slag and solid inclusions

Equilibrated composition of the metallic liquid phase, and variation of oxygen solubility 
in liquid steel, over its stable temperature range.
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Thermo-Calc SoftwareOxygen Solubility/Activity in Liquid Steel

Equilibrated composition of the liquid slag phase, 
over its stable temperature range.
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Thermo-Calc SoftwareInteraction between Liquid Steel and Slag
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Databases: SSOL2 (SGTE Alloys Database v2)
+ SLAG2 (TCS Slag Database v2)
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+ 100 kg of Slag (20FeO-8MgO-52CaO-20SiO2 wt%)

Databases: SSOL2 (SGTE Alloys Database v2)
+ SLAG2 (TCS Slag Database v2)

Equilibrated phase assemblages in the 
interaction between 1 ton of liquid steel (Fe-
1.2Mn-0.01Si-0.1C wt%) and 100 kg of slag 
(20FeO-8MgO-52CaO-20SiO2 wt%) over the 
temperature range from 1600 to 1450oC.

Equilibrated phase assemblages in the 
interaction between 1 ton of liquid steel (Fe-
1.2Mn-0.01Si-0.1C wt%) and 100 kg of slag 
(20FeO-8MgO-52CaO-20SiO2 wt%) over the 
temperature range from 1600 to 1350oC.



Thermo-Calc SoftwareInteraction between Liquid Steel and Slag

Activities of components in the interaction 
between 1 ton of liquid steel (Fe-1.2Mn-
0.01Si-0.1C wt%) and 100 kg of slag (20FeO-
8MgO-52CaO-20SiO2 wt%) over the 
temperature range from 1600 to 1350oC.

Equilibrated amounts of the liquid steel and 
slag phases in the interaction between 1 ton 
of liquid steel (Fe-1.2Mn-0.01Si-0.1C wt%) 
and 100 kg of slag (20FeO-8MgO-52CaO-
20SiO2 wt%) over the temperature range 
from 1600 to 1350oC. Note: Various components 
moves among the two phases in different directions 
(at high temperatures). Other phases form at low 
temperature range. 
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1 ton of Liquid Steel (Fe-1.2Mn-0.01Si-0.1C wt%)
+ 100 kg of Slag (20FeO-8MgO-52CaO-20SiO2 wt%)
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Composition (mass of components) of the 
equilibrated Liquid phase in the interaction 
between 1 ton of liquid steel (Fe-1.2Mn-
0.01Si-0.1C wt%) and 100 kg of slag (20FeO-
8MgO-52CaO-20SiO2 wt%) over the 
temperature range from 1600 to 1350oC.

Composition (mass of components) of the 
equilibrated Slag phase in the interaction 
between 1 ton of liquid steel (Fe-1.2Mn-
0.01Si-0.1C wt%) and 100 kg of slag (20FeO-
8MgO-52CaO-20SiO2 wt%) over the 
temperature range from 1600 to 1350oC.
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+ SLAG2 (TCS Slag Database v2)

1 ton of Liquid Steel (Fe-1.2Mn-0.01Si-0.1C wt%)
+ 100 kg of Slag (20FeO-8MgO-52CaO-20SiO2 wt%)
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 THERMO-CALC (2006.01.12:15.38) :

Fe

Ca

Mg

Mn

Si

O

Databases: SSOL2 (SGTE Alloys Database v2)
+ SLAG2 (TCS Slag Database v2)

1 ton of Liquid Steel (Fe-1.2Mn-0.01Si-0.1C wt%)
+ 100 kg of Slag (20FeO-8MgO-52CaO-20SiO2 wt%)



Thermo-Calc SoftwareInteraction between Liquid Steel and Slag

Variation of speciation (mass of components) of 
the equilibrated Liquid phase, compared with the 
“original” one, in the interaction between 1 ton of 
liquid steel (Fe-1.2Mn-0.01Si-0.1C wt%) and 100 
kg of slag (20FeO-8MgO-52CaO-20SiO2 wt%) over 
the temperature range from 1600 to 1350oC.
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 THERMO-CALC (2006.01.12:16.05) :
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Databases: SSOL2 (SGTE Alloys Database v2)
+ SLAG2 (TCS Slag Database v2)

1 ton of Liquid Steel (Fe-1.2Mn-0.01Si-0.1C wt%)
+ 100 kg of Slag (20FeO-8MgO-52CaO-20SiO2 wt%)
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 THERMO-CALC (2006.01.12:16.21) :

Fe

Ca

Mn

O

Si
Mg

Databases: SSOL2 (SGTE Alloys Database v2)
+ SLAG2 (TCS Slag Database v2)

1 ton of Liquid Steel (Fe-1.2Mn-0.01Si-0.1C wt%)
+ 100 kg of Slag (20FeO-8MgO-52CaO-20SiO2 wt%)

Variation of speciation (mass of components) of 
the equilibrated Slag phase, compared with the 
“original” one, in the interaction between 1 ton 
of liquid steel (Fe-1.2Mn-0.01Si-0.1C wt%) and 
100 kg of slag (20FeO-8MgO-52CaO-20SiO2 wt%) 
over the temperature range from 1600 to 1350oC.



Thermo-Calc SoftwareComplex Heterogeneous Interactions

Metal-Slag-Gas Interactions

Metal-Gas Interactions (Redox Reactions, Coatings, CVD, …)

Combustion/Sintering/Incineration/Remelting/Recycling 
& Environmental Issues

Dew Points

Ellingham Diagrams

and more …



Thermo-Calc SoftwareHigh-T Gaseous Corrosion
Example: High-Temperature Gaseous Corrosion of Alloys

Using the TCMP2 or SSUB3 database (and/or in a combination with other alloy databases), one can 
calculate various types of phase diagrams and property diagrams for heterogeneous interaction 
systems/processes involving gaseous mixtures.

Calculated property diagrams of the heterogeneous interaction between 100 g of Incoloy 801 steel (wrought 
Fe-based superalloy with a composition of Fe44.5-Ni32-Cr20.5-Ti1.1-Mn0.8-Si0.5-C0.05 wt%) and a gas 
mixture (of 1 g H2O, 0.001 m HCl, 0.0001 m HF and 0.001 m H2SO4). The calculation shows that the gas 
mixture will dissolve the steel components (especially with increasing temperatures), meanwhile LIQUID 
phase or SLAG+Ti2O3 phases may form during the interaction over certain temperature ranges. 
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Thermo-Calc SoftwareSurface Redox Reactions (I)
Example: Formation of Oxide Layer on Steel Surface: Protection against corrosion

Stable phases and element distribution of remaining austenite during the surface oxidation of the Fe-16Cr-
0.3Mn-0.3Si-.01V-1C (wt%) steel at 800oC, as a function of oxygen activity in the atmosphere.
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 THERMO-CALC (2008.02.29:16.47) :
 DATABASE:SSOL4
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Surface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Stable phases during oxidation of H13 Hot Work Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-
0.001S-0.009P-O], varied with the oxygen partial pressure. The calculation is made for an interaction system at 
temperature of 600oC and a total pressure of 1 bar. 
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 THERMO-CALC (2008.02.29:16.16) :
 DATABASE:SSOL4
 P=1E5, T=873.15, B(FE)=92.3, B(CR)=5, B(MN)=0.3, B(SI)=1, B(C)=0.4, B(V)=1;

Surface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Required O2 Input and Driving force of the dormant GAS phase during oxidation of H13 Hot Work Steel 
[Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], varied with the oxygen partial pressure.
The calculation is made for an interaction system at temperature of 600oC and a total pressure of 1 bar. 
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 THERMO-CALC (2008.02.29:16.16) :
 DATABASE:SSOL4
 P=1E5, T=873.15, B(FE)=92.3, B(CR)=5, B(MN)=0.3, B(SI)=1, B(C)=0.4, B(V)=1;

Under continuous atmosphere supporting 
the heterogeneous interaction system 
[i.e., fixed by P(O2) at the 
equilibrium], oxygen will be introduced 
to the system significantly, especially 
at high P(O2) where oxidations become 
very strong  and the majority of the H13 
steel surface will be oxidized. 
Consequently, the [surface+oxidation] 
system becomes much bigger (implied by a 
significant amount of added O2).

DGM(GAS)=1 means GAS will be stable (if ENTERED); 
DGM(GAS)<1 means GAS may be saturated; 
DGM(GAS)>1 means GAS is super-saturated.



Thermo-Calc SoftwareSurface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Emergence Conditions with respect to and Fe2O3 (Hematite) and Fe3O4 (Magnetite) during oxidation of 
H13 Hot Work Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], at 9 different 
temperatures (between 400 and 800oC, with an interval of 50oC) and 1 bar. 
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Thermo-Calc SoftwareSurface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Emergence Conditions with respect to Cr2O3 and FeCr2O4 during oxidation of H13 Hot Work Steel [Fe-
5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], at 9 different temperatures (between 400 and 
800oC, with an interval of 50oC) and 1 bar. 
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Thermo-Calc SoftwareSurface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Emergence Conditions with respect to V2O3 and VO2 during oxidation of H13 Hot Work Steel [Fe-5.14Cr-
0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], at 9 different temperatures (between 400 and 800oC, 
with an interval of 50oC) and 1 bar. 
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V2O3 has two stability fields at temperatures up to 450 C
while its lower-oxidation field exists at all temperatures
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Thermo-Calc SoftwareSurface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Emergence Conditions with respect to FeV2O4 and FeV2O6 during oxidation of H13 Hot Work Steel [Fe-
5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], at 9 different temperatures (between 400 and 
800oC, with an interval of 50oC) and 1 bar. 
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Example: Oxidation of H13 Hot Work Steel

Emergence Conditions with respect to SiO2 (α/β-Quartz), FeSiO4 (Fayality) and MnSiO4 (Tephroite) during 
oxidation of H13 Hot Work Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], at 9 
different temperatures (between 400 and 800oC, with an interval of 50oC) and 1 bar. 
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Thermo-Calc SoftwareSurface Redox Reactions (II)
Example: Oxidation of H13 Hot Work Steel

Emergence Conditions with respect to FeCO3 (Calcite) and MnCO3 during oxidation of H13 Hot Work 
Steel [Fe-5.14Cr-0.41Mn-1.02Si-0.40C-0.93V-1.46Mo-0.001S-0.009P-O], at 9 different temperatures 
(between 400 and 800oC, with an interval of 50oC) and 1 bar. 
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Example: Oxidation of Sulfides (CuFeS2)

Stable phases during oxidation of CuFeS2, as a 
function of the temperature condition. The calculation is 
made for an interaction system of 2 moles CuFeS2 and 50 
moles of vapour, at 1 bar and various temperatures (200 to 
1400oC).

Stable phases during oxidation of CuFeS2, varied 
with the additional oxygen amount. The calculation is 
made for an interaction system of 2 moles CuFeS2 and 50 
moles of vapour, at 550oC, 1 bar and various additional 
amounts of O2. 

Using the ION database, one can calculate various types of phase diagrams and property diagrams for 
oxidation processes of multiple-metal sulfides (e.g., CuFeS2,  FeS2) or mixtures (e.g., CuFeS2-FeS2), to 
find optimal temperatures and initial bulk compositions (especially the additional oxygen input).
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Property diagram of the Si-Al-O-N system at 1623 K 
and PN2=1 bar. Phase stabilities vary with oxygen partial 
pressure and equivalent fraction of Al in the system.

Property diagram of the Si-Al-O-N system at 
1623 K and PO2=10-20 bar. Phase stabilities vary 
with nitrogen partial pressure in the system.
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Simulations of optimal conditions for synthesis of β’-sialon from mixed SiO2 and Al2O3
powder by reduction-nitridation. By making calculations in the Si-Al-O-N system, one can 
determine the optimal values of controlling temperature, partial pressures of oxygen and 
nitrogen, and Si:Al ratio in the precursor mixture.



Thermo-Calc SoftwareThermal Barrier Coating
1 – T0 F/T
2 – T0 T/M
1 – T0 F/T
2 – T0 T/M

Liquidus surface projection of the GdO1.5-
YO1.5-AlO1.5 system.

T0-lines in the ZrO2-
YO1.5-AlO1.5 system, 
imposed on 
calculated phase 
diagram.

T0-lines projection of the ZrO2-GdO1.5-
YO1.5 system (for fluorite 
tetragonal_M2O3A).

Driving forces for 
partitioning of F and T 
metastable phase to 
the F+T equilibrium 
assemblage in the 
ZrO2-YO1.5 system. F 
stands for fluorite and 
T for tetragonal_M2O3A.
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Simulate the optimal conditions for CVD synthesis of various oxide/carbide/nitride/… films 
(such as Cu2O or Cu2O/CuO film from mixed SiO2 and CuO powder by reduction). By 
making calculations in the Si-Cu-C-O-N system, one can determine the optimal values of 
controlling temperature, partial pressures of oxygen and nitrogen, and initial composition 
of the gaseous mixture.
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Effect of Nitrogen Pressure 
on Nitrogen Solubility in Molten Metal

From Sugiyama et al.

High nitrogen steels are 
produced using processes with 
melting under pressurized 
nitrogen atmospheres.

- For high nitrogen solubility.

It’s well known that nitrogen
solubility in molten metal 
increases with pressure 
according to Sivert’s law.

- To avoid formation of blow 
holes during solidification.

Calculate nitrogen content in a 
18-8 stainless steel melt as function 
of nitrogen pressure at 1823 K.
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Metal-Slag-Gas Interactions

Metal-Gas Interactions (Redox Reactions, Coatings, CVD, …)

Combustion/Sintering/Incineration/Remelting/Recycling 
& Environmental Issues

Dew Points

Ellingham Diagrams

and more …

Complex Heterogeneous Interactions
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Materials Reprocessing (re-melting, re-cycling, etc.)

Sintering, Incineration and Combustion

Waste Repository and Environmental Assessment
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The calculated amounts of various 
elements present in the molten Fe 
phase, as a function of bath 
temperature.
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The calculated amounts of various 
elements present in the slag phase, as 
a function of bath temperature.
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The calculated amounts of various 
elements present in the slag phase, as 
a function of bath temperature.
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stable phases in the system as a 
function of bath temperature.
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stable phases in the system as a 
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The calculated amounts of various 
elements present in the gas phase, as 
a function of bath temperature.
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The calculated amounts of various 
elements present in the gas phase, as 
a function of bath temperature.

Special Case: Thermochemical calculations of element distribution between melt, slag and gas 
phases in relation to behaviour of minority elements in high temperature processes of waste 
incineration (also relevant to scrap remelting) in a bath of molten iron. 

Re-melting and Re-cycling
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Simulation Step 1 - Calculate from 600 to 1400oC, in order to decide the optimal 
incineration temperature of a typical household waste (see the 
composition listed below), and to determine the composition of the gas 
phase produced by the waste incineration process. 

The amounts of various remaining 
solid phases in the system as a 
function of incineration temperature.
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The amounts of the formed gas phase 
in the system as a function of 
incineration temperature.
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Simulation Step 2 - The second part of calculation is made on the condensed 
phases forming from the gas phase as it is cooled to room temperature. 

The amounts of various formed solid 
phases in the system as a function of 
temperature during the cooling 
process.
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Metal-Slag-Gas Interactions

Metal-Gas Interactions (Redox Reactions, Coatings, CVD, …)

Combustion/Sintering/Incineration/Remelting/Recycling 
& Environmental Issues

Dew Points

Ellingham Diagrams

and more …
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Total Pressure = 100 atm
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Metal-Slag-Gas Interactions

Metal-Gas Interactions (Redox Reactions, Coatings, CVD, …)

Combustion/Sintering/Incineration/Remelting/Recycling 
& Environmental Issues

Dew Points

Ellingham Diagrams

and more …
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Ellingham Diagrams – Plots of ΔGo against T for analogous reactions but 

involving a fixed quantity of common component (e.g. O, S, C, ...)



Thermo-Calc SoftwareEllingham Diagrams: Through Thermo-Calc

2C+O2=2CO Fe+C+1.5O2=FeCO3

Extended Ellingham Diagrams – Plots of ΔGo (or other properties) against T for 
analogous reactions but involving a fixed quantity of common component 
(e.g. O, S, C, ...)

A serious of such Thermo-Calc calculations using critically-assessed database(s) can 
easily and efficiently result in reliable Ellingham diagrams, for not only pure compounds 
(like above) but also in-solution components (like on next slide) involving in complex 
heterogeneous interactions. 



Thermo-Calc SoftwareEllingham Diagrams: Through Thermo-Calc

Extended Ellingham Diagrams through Thermo-Calc – for in-solution components 
(in non-ideal solution phases), involving in complex heterogeneous 
interactions. 

2Fe(bcc/fcc)+1.5O2(gas)=Fe2O3(hematite)

Fe(bcc/fcc)+C(graphite)+1.5O2(gas)=FeCO3(siderite)



Thermo-Calc SoftwareConclusions

Computational tools and methods can be used to rapidly 
accelerate design of new and innovative materials. 

Calculations can be made to better understand underlying 
mechanisms of processes and thus lead to process optimization 
and improved quality control and reproducibility.

Such methods also lead to thinking outside the box, thus 
increasing innovation in a cost-effective manner.
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