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Application 4: Killing of steel in the ladle 
 

Deoxidation of steel 
Inclusion formation / composition in molten steels 

: Mn/Si/Ti steel 
Inclusion stability diagram (phase diagram): Al/Ti steel 
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Liquid Fe-1wt.%C-500 ppm O at 1600oC  

Ex3-1. Deoxidation of steel (Ferromanganese) 

 Ftoxid: oxide inclusions 
 Ftmisc: FeLq 
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Save as stream 

Ex3-1. Deoxidation of steel (Ferromanganese) 
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Ex3-1. Deoxidation of steel (Ferromanganese) 

65% Mn + 35% Fe 
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Ex3-1. Deoxidation of steel (Ferromanganese) 

Ferrous Processing 5 



 2011 
Montreal  Montreal 

2013 

Ex3-1. Deoxidation of steel (Ferromanganese) 

Oxygen level in liquid Fe 
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Inclusion: 
FeO-MnO solution 

Ex3-1. Deoxidation of steel (Ferromanganese) 
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65%Si-35%Fe 

Ex3-2. Deoxidation of steel (Ferrosilicon) 
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Oxygen level in liquid Fe 

Inclusion: 
SiO2 

Ex3-2. Deoxidation of steel (Ferrosilicon) 
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50%Mn-50%Si 

Ex3-3. Deoxidation of steel (Mn-Si) 
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Oxygen level in liquid Fe 

Inclusion: 
SiO2 

Ex3-3. Deoxidation of steel (Mn-Si) 
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33.333%Mn-33.333%Si-33.333%Al 

Ex3-4. Deoxidation of steel (Mn-Si-Al) 
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Oxygen level in liquid Fe 

Inclusion: 
Corundum(Al2O3) 

Ex3-4. Deoxidation of steel (Mn-Si-Al) 
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Ex3-5. Inclusion evolution with temperature: Mn/Si/Ti steel 

Or simply select all stable phases 
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Wire 
Inclusion (ex., alumina) 

Crack Initiation 

• Undeformable Inclusion should be removed 
• Liquid phase is desirable at process  
         temperature (~1200oC) 

Application to Tire-Cord Steel (Mn/Si deoxidation) 

Tire-Cord Steel 

Thin Sheet 

Inclusion (ex., alumina) 

Crack Initiation 
Surface Quality Fe-36%Ni Invar Steel 

0.15~0.38mm diameter 

150µm thickness 

Mn/Si Deoxidation 
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MnO-Al2O3-SiO2 Phase Diagram 

Target Inclusion 
Composition 

Jung et al., Metall. Mater. Trans. B, 2004, vol. 35B, pp. 259-268 
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Inclusion composition with steel composition  

Jung et al., Metall. Mater. Trans. B, 2004, vol. 35B, pp. 259-268 
Kang and Lee, ISIJ Inter., 2004.  
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Ex3-6. Inclusion calculation in Mn/Si deoxidation 

Calculation of the inclusion trajectory using Equilib 

The compositions of Mn and Si are set based on the target Mn/Si ratio and Mn+Si content 
Oxygen content should be controlled reasonably. If O is too high, Mn and Si will be largely changed 
from original target composition after rxn with oxygen. 

Ferrous Processing 18 



 2011 
Montreal  Montreal 

2013 

Mn + Si + Al + O  (Mn,Si,Al) oxide inclusion 
 
After deoxidation, Mn ~ 0.5 and Si ~ 0.5 
 
(Target steel composition: Mn/Si = 1 and Mn+Si = 1) 
 
 Extraction of slag composition 
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Ex3-6. Inclusion calculation in Mn/Si deoxidation 
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c) Click ‘Spreadsheet setup’ 

a) Select this 

b) After select “Excel..” 
Click “Spreadsheet …” 
Then go to next page 

Ex3-6. Inclusion calculation in Mn/Si deoxidation 
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1) Click this area to change the data to be extracted 

2) Then, click the “select” to choose wt% of what species 

4) Click ‘ok’ 

3) Select the species 
5) Click ‘ok’ 

6) Click ‘ok’ for menu in the previous page 

Ex3-6. Inclusion calculation in Mn/Si deoxidation 
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7) Click ‘open’  then you can see excel file containing all information. 

Ex3-6. Inclusion calculation in Mn/Si deoxidation 

6) Click ‘ok’ 
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Slag #1 
(stable slag) 

Slag #2 
(metastable or same as #1 

except in case of stable miscibility gap) 

Composition from Slag #1 
A corner = wt%SiO2/100 
B corner = (wt%MnO+Mn2O3+FeO+Fe2O3)/100 
C corner = wt%Al2O3/100 
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Ex3-6. Inclusion calculation in Mn/Si deoxidation 
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Slag composition is slightly off 
from phase diagram because 
the actual slag is containing 
FetO and Mn2O3 as well. 

According to 
calculations, mullite and 
Al2O3 are forming 
subsequently after slag 
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Ex3-6. Inclusion calculation in Mn/Si deoxidation 



 2011 
Montreal  Montreal 

2013 

Soluble Al vs. Inclusion composition 
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Ex3-6. Inclusion calculation in Mn/Si deoxidation 
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Application 5: Re-oxidation and inclusion 
modification in the tundish – Ca treatment  

Junghwan Kim 
Email: junghwan.kim@mail.mcgill.ca 
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Ex4-1. Reoxidation and inclusion modification in the tundish 

The target of 
Ca treatment 
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Al killed steel  

Fe+100ppm O 

MgO based refractory 

+?Mg 

+ 600ppm Al 

At 1550oC 

Ex4-1. Reoxidation and inclusion modification in the tundish 

+ <50ppm Ca + <100ppm SiO2 

+? inclusion 

+ ? Inclusion 
+ ? Slag 

Reoxidation: assuming mainly 
due to SiO2 based slag 

+ ? Inclusion 
+ ? Slag 

Ca treatment: liquid slag 

` 
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Ex4-1. Reoxidation and inclusion modification in the tundish 

Al killed steel  

Fe+100ppm O 

MgO based refractory 

+?Mg 
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Only save liquid Fe 
as stream file for next step 

MgO based 
refractory 

Ex4-1. Reoxidation and inclusion modification in the tundish 
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+ 600ppm Al 

+? inclusion 

Al killed steel  

Ex4-1. Reoxidation and inclusion modification in the tundish 
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Save all phases as stream file for next step 
Alumina inclusion cause nozzle 
clogging 

Formation of spinel phase  

Ex4-1. Reoxidation and inclusion modification in the tundish 
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+ <100ppm Ca 

+ ? Inclusion 
+ ? Slag 

Ca treatment: liquid slag 

Ex4-1. Reoxidation and inclusion modification in the tundish 
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Ex4-1. Reoxidation and inclusion modification in the tundish 
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+ <100ppm SiO2 

Reoxidation: assuming mainly 
due to SiO2 based slag 

+ ? Inclusion 
+ ? Slag 

` 

Ex4-1. Reoxidation and inclusion modification in the tundish 
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Ex4-1. Reoxidation and inclusion modification in the tundish 

CaAl4O7 

Ferrous Processing 36 



 2011 
Montreal  Montreal 

2013 

Slag composition after Ca 
treatment (30 ppm Ca) 

Reoxidation direction 

Ex4-1. Reoxidation and inclusion modification in the tundish 
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Ex4-2. Reoxidation of Al killed Ti bearing steel 
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Ex4-2. Reoxidation of Al killed Ti bearing steel 
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“Recycle all streams” 
• you don’t have to save the stream one by one. But the resu

lts will be used only one time because it is not saved under 
special stream name. 

• Convenient option when you want to do one calculation 

Ex4-2. Reoxidation of Al killed Ti bearing steel 
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Addition of oxygen to simulation 
reoxidation phenomena. 
Real source of oxygen could be 
high SiO2 slag or refractories 

Ex4-2. Reoxidation of Al killed Ti bearing steel 
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 + 0.12253    gram  ASlag-liq#1 
   (0.12253 gram, 1.1558E-03 mol) 
           (1600 C, 1 atm,     a=1.0000) 
           ( 33.379     wt.% Al2O3                                     FToxid 
           + 0.17724    wt.% SiO2                                      FToxid 
           + 0.83830    wt.% FeO                                       FToxid 
           + 1.1051E-03 wt.% Fe2O3                                     FToxid 
           + 1.9943     wt.% MnO                                       FToxid 
           + 40.135     wt.% Ti2O3                                     FToxid 
           + 23.475     wt.% TiO2                                      FToxid 
           + 1.0928E-03 wt.% Mn2O3                                     FToxid) 

This calculation shows that mixed inclusion of Al2O3(s) and liquid (Al2O3-TiO2-Ti2
O3) can be formed by the reoxidation of Al-killed Ti bearing steel. 
 Nozzle clogging. 

Ex4-2. Reoxidation of Al killed Ti bearing steel 
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