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ABSTRACT 
 
A review of thermodynamic information and models of slags, including associated software when available, 
is presented. The pertinence and accuracy of these models is discussed by comparison of their predictions for 
various slag thermodynamic properties with the available experimental data. Practical industrial 
applications will be illustrated by a literature review of the dephosphorization process of ferromanganese 
alloys and by the description of Ti behavior during silico-manganese alloys production. This latter example 
will show how the thermodynamic models have been used to propose a flotation treatment at low 
temperature to enhance TiC removal. 
 
1.  INTRODUCTION 
 
During the past decades, efforts have been made to develop thermodynamic models for multi-component 
oxide systems. The aim of these models is to permit the calculation of phase diagrams and thermodynamic 
properties such as component activities, sulphide and phosphate capacities, etc.  
 
These models contain a set of self-consistent parameters that have been calibrated against the available 
thermodynamic information, typically experimental phase diagrams, slag/gas and slag/metal partition 
experiments. Unfortunately, for some elements of utmost interest for the ferroalloy production, such as Ti, 
Cr, V or Nb, the information is often rare and disseminated. The first part of this paper, dedicated to the 
thermodynamic data, is mainly focused on information collected in the literature concerning these elements.  
 
The presentation of the slag models proposed in the second part does not intend to be exhaustive. Presented 
here are mainly the models able to cope with multicomponent systems and that are either implemented in 
commercial software or whose mathematical expressions can be easily handled "manually". 
 
The last part of this paper is devoted to two applications of thermodynamic concepts and models. The first 
concerns a literature review of the dephosphorization process of ferromanganese alloys (choice of slag 
composition, effect of the alloy composition and temperature). The second example is more focused on the 
potential contribution of thermodynamic models. It concerns the possibility of Ti removal during silico-
manganese alloy production. 
 
2. THERMODYNAMIC DATA 
 
Slag Atlas [1] remains one of the best reference books for the user who desires quick access to condensed 
and reviewed information on the main thermodynamic data concerning metallurgical slags. Besides the 
oxides that are the main components of metallurgical slags such as SiO2, Al2O3, Fe2O3, FeO, MnO, MgO, 
CaO for which the available information is quite complete and reliable, one can also find information on 
oxides of transition elements like chromium or vanadium which are of utmost interest for the ferroalloy 
industry. However, since few experimental studies have been devoted to these oxides, this information is 
often scarce or not always directly usable. For example, phase diagrams relative to chromium or titanium 
oxides have been, most of the time, established under oxidizing conditions where these elements have 
valence states quite different from those they have in slags during metallurgical treatments. Hereafter is a 
brief literature review on data concerning chromium, titanium niobium and vanadium where emphasis has 
been put on metal/slag partition data. 
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2.1 Chromium 
Most of the phase diagrams concerning chromium have been established in air where chromium has the Cr3+ 
valence state and are reported in Slag Atlas. Chromium slag/metal partition coefficients have usually been 
measured in equilibrium with liquid iron, but also with Pt-Fe alloys under controlled atmosphere [2-4] and 
with liquid silver [5]. Activity measurements have also been performed by using an oxygen probe [6-8] or a 
Knudsen Cell [9]. 
 
These different techniques permit the study of slags with very different chromium and iron oxide contents: 
• slags belonging to the SiO2-Al2O3-CrOx-MgO-CaO-CaF2 system without iron oxides studied with the 

techniques not involving liquid iron [2-9] but also by equilibrium with a carbon saturated Cr 
ferroalloy [10,11], 

• SiO2-Al2O3-CaO slags with low iron oxide contents and with high and low chromium oxides contents 
and MgO contents up to 14% [12-14], 

• SiO2-FeOx-MnO and SiO2-FeOx-CaO-MgO slags with high and low Cr-oxide contents [15-19]. 
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Figure 1. Experimental variation of the Cr slag/metal equilibrium coefficient with metal silicon 

content, slag basicity and alumina content  [11]. 

In all these situations, chromium is present with two valence states Cr2+ and Cr3+ and the ratio Cr2+/Cr3+ 
increases with decreasing oxygen activity and decreasing basicity. Figure 1 shows the effect of the Si content 
of a chromium alloyed liquid steel on the equilibrium chromium partition LCr

s/m
, defined as 

(%Cr)slag/ [%Cr]metal, for acid slag [11]. Hereafter, (%i) will stand for the weight percentage of i in the slag 
and  [%i] for the weight percentage of i in the metal. 
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Figure 2. Comparison between experimental data [11,14] and values calculated with Katayama's and 

Irsid model of the Cr equilibrium partition coefficient. 



 

Katayama et al. [11] propose a useful expression of the Cr partition coefficient as a function of slag and 
metal composition and of temperature: 

[ ] ( ) 884.0
T
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m/s
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where Ni is the mole fraction of oxide i. Total chromium oxide content in the slag is expressed as CrO. The 
quality of this relation is illustrated on Figure 2 . The accuracy of the prediction is all the more interesting 
since it is valid over a wide slag composition range: up to 70% SiO2, 23 to 51% Al2O3, up to 40% CaO, up to 
38% Cr2O3 and up to 10% FeO. Nevertheless, the predictions of Irsid slag model that will be described in 
section 0, appear to be somewhat better for the large Cr partition coefficients, i.e. for relatively oxidizing 
conditions. For these points, even though Irsid's prediction seems to be a little more scattered than 
Katayama's, it doesn't deliver a systematically underestimated value as seems to be the case for Katayama's 
relation. 
 
2.1 Titanium  
As for chromium, most of the phase diagrams concerning titanium have been established in air and, in these 
conditions, titanium is present as Ti4+ [20-22]. They are also reported in the Slag Atlas. Uncertainties remain 
concerning the Ti2O3-TiO2 phase diagram. The version proposed by Eriksson and Pelton [23] based, in 
particular, on the Brauer and Littke data [24], is recommended. 
 
Available equilibrium experiments between a slag and one or several other phases have been performed 
under more reducing conditions where titanium is present with two valence states Ti4+ and Ti3+. These other 
phases are: 
• a gas phase  [25]. In this case, only the ratio Ti4+/Ti3+ and the activity coefficients ratio  γTiO2/γTi2O3 have 

been measured for the system SiO2-TiOx-CaO. 
• a solid metallic phase, iron crucible or Pt-Mn alloy, or liquid silver or copper, and a controlled 

atmosphere. The relatively oxidizing conditions prevailing during these experiments (corresponding to 
an oxygen activity higher than 0.03 in the 1 wt% reference state) have permitted the study of sub-
systems of SiO2-Al2O3-TiOx-FeOx-MnO-CaO  [26-33]. 

• a liquid metallic phase (copper, nickel, steel and stainless steel) imposing more reducing conditions for 
the study of the TiOx-Al2O3-CaO system [34-37] and the SiO2-TiOx-CaO system [38,39]. 

• a graphite crucible in a controlled atmosphere for the SiO2-TiOx-Al2O3-MgO-CaO system [40-42]. 
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Figure 3. Experimental values of Ti equilibrium 
distribution ratio between slag and metal [34-37]. 

Figure 4. Comparison between Ti equilibrium 
distribution ratio between slag and metal 

computed with Irsid slag model (lines) and 
industrial data of vacuum ladle treatment (points). 



 

For the first type, as well as in the last two types of experiments, the partition Ti3+/Ti4+ has been chemically 
analyzed. 
 
As for chromium, laboratory experiments show that the titanium equilibrium distribution ratio between slag 
and metal depends mainly on the oxygen potential, that is, in the case of Ca aluminate slags illustrated on 
Figure 3  [34-37], on metal Al activity. This ratio increases with decreasing %CaO/%Al2O3 ratio but this 
dependence is much more pronounced for slags with high titanium oxide content. In this figure, the steel 
characteristics are expressed with the Ti and Al activities, to combine information on carbon and stainless 
steels. For carbon steels, the activities are practically equal to the contents in weight %, whereas they are 
substantially different in the case of stainless steels (aAl ~ 3 to 4 times %Al, and aTi ~ 7 to 8 times %Ti for the 
grades considered).  
 
This tendency has been confirmed by industrial results, as shown in Figure 4, concerning ladle treatments of 
carbon and stainless steels [43] performed with slags having a higher CaO content than those investigated 
experimentally. For these ladle slags with less than 10% TiO2, a variation of %CaO/%Al2O3 has relatively 
little effect on the distribution ratio, whereas an increase in the TiO2 content or temperature induces an 
increase in the distribution ratio. On the figure, the lines represent calculations made with Irsid slag model 
(cf. § 3.3) for slag compositions 5% and 10% TiO2, 10% MgO, %CaO/%Al2O3 = 1.4 at 1500°C and 1600°C, 
and the experimental points represent the industrial data for slag compositions somewhat scattered around 
these values. Although the titanium oxide content of the slag is expressed as %TiO2, the calculation takes 
into account Ti3+ and Ti4+. 
 
2.2 Niobium  
Thermochemical data for niobium are scarcer than for chromium or titanium. The few available phase 
diagrams concern the valence state Nb5+ and only two ternary diagrams are reported in Phase Equilibria 
Diagrams [44], i.e. CaO-SiO2-Nb2O5 and CaO-TiO2-Nb2O5. 
 
In metallurgical conditions, niobium also exists under two valence states Nb5+, Nb4+ [45]. Among the 
available data on slag/metal equilibrium partition coefficients, few studies are relevant for the chemical 
systems of metallurgical interest: 
• one on the system SiO2-NbOx-FeOt-MnO-MgO [46,47], 
• two on the system SiO2-NbOx-Al2O3-CaO [45,48]. 
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Figure 5. Effect of oxygen activity, slag basicity and temperature on Nb partition coefficient between 

liquid steel and SiO2-NbOx-Al2O3-CaO slags [45]. 

 



 

Even if they concern very limited composition range, they provide at least qualitative information on the 
effect of several key parameters such as oxygen activity, slag basicity and temperature. For example, the data 
represented on Figure 5, concerning SiO2-NbOx-Al2O3-CaO slags with Al2O3 contents varying between 30 
and 45% [45], show quite clearly the effect of the slag basicity (its increase leads to an increase of the Nb 
partition ratio), but  the experimental scatter prevents discerning a temperature effect 
 
The other studies are mainly kinetic experiments on niobium removal from pig iron and cannot be used as a 
source of equilibrium data [49-55]. 
 
2.3 Vanadium 
Very few phase diagrams are available for vanadium oxide bearing systems. In these studies, as in the case 
of titanium, niobium and chromium, vanadium is in its higher valence state V5+. Only one binary CaO-V2O5 
and part of a ternary Na2O-SiO2-V2O5 are reported in the Slag Atlas. Some others are proposed in Phase 
Diagrams for Ceramists but, for most of them, their drawing is at least partly hypothetical. 
 
Studies on slag-metal vanadium partition have been conducted mainly to optimize vanadium extraction from 
hot metal.  
 
They have been therefore performed under rather oxidizing conditions by equilibrating slags: 
• with solid steel foils [56, 57],  
• with liquid iron  [58,59] or  
• in vanadium crucibles under controlled atmosphere [60].  
 
Vanadium valence state under these conditions remains quite controversial. According to Werme [57], three 
valences can be found; V3+, V4+ and V5+. The effect of addition of CaO, Na2O, MgO, Al2O3 and TiO2 in 
FeOx-SiO2 [56,57] has, for example, been investigated. Except for TiO2, all these additions lead to a decrease 
of vanadium partition coefficient. Na2O bearing slags have also been studied such as Na2O-CaO-CaF2-SiO2 
slags doubly saturated with CaO and 2CaO.SiO2 by Tsukihashi et al. [61] or Na2O-SiO2 slags by Werme et 
al. [56]. Selin [62,63] proposes a graphical representation of vanadium iso-partition coefficients for CaO-
FeOx-SiO2 slags saturated with MgO (Figure 6). The same graphics can be used without any correction for 
slags containing Al2O3 up to 14% and TiO2 up to 13% as long they remain saturated with magnesia. 
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3. THERMODYNAMIC SLAG MODELS AND COMPUTER SOFTWARE 
 
In order to be conveniently exploited and as safely as possible extrapolated, these data have been used to 
assess mathematical models. These models have been incorporated into computer programs in order to cope 
with complex metallurgical problems requiring calculations involving for example, besides the liquid slag 
phase, a liquid metallic phase and possibly one or several solid phases. A short review of these models is 
presented here along with their application range in terms of slag composition and, when available, the 
computer software in which they have been implemented. 
 
3.1 Regular solution models 
In these models, the activity coefficients of the oxides are developed as quadratic polynomials of the 
component molar fractions. For instance, expressions of the oxide activities based on this formalism are 
proposed for SiO2-FetO-CaO slags by Ban-ya et al. [64,65] or of the P slag/metal partition coefficient in 
SiO2-P2O5-FetO-MgO-CaO slags [66]. 
 
3.2 Sublattice models 
The two sublattice model [67] for ionic solutions is an extension of the general sublattice model [68]. The 
liquid silicate phase is assumed to consist of two sublattices, one for the cations and one for the anions and 
neutral species. This model is implemented in Thermo-Calc [69], MTDATA [70] and GEMINI2 [71]. One of 
the most recent developments of this model proposed in Thermo-Calc is an assessment of the Ca-Fe-O-Si 
system  [72,73]. In this assessment, both liquid metal and the CaO-FeO-Fe2O3-SiO2 slag system are 
described with the ionic two-sublattice model, with a single set of parameters.  
 
A new mathematical model has been developed by Björkvall [74]. It uses Temkin's description of the 
entropy of ionic melts coupled with Lumsden's [75] description of silicate and aluminate melts, where the 
ionic melts are considered as an oxygen-ion matrix with the cations distributed in it. Contrary to the two 
sublattice model, no neutral species is supposed to be present in the melt structure and only information from 
the binary subsystems is used to assess the parameters. This model has been applied to compositions in the 
Al2O3-CaO-MgO-MnO-SiO2 system with a generally satisfactory agreement with experimental values, but 
also generated some disagreements which are judged as being indicative of the need for further reliable 
experimental information. 
 
A model for prediction of the sulphide capacities, based on the same structure description, has also been 
developed at KTH [76]. The logarithm of the sulphide capacities is developed as a polynomial of the mole 
fractions of the different cations in the oxygen-ion matrix. It has been applied for the prediction of sulphide 
capacities in the "FeO"-Al2O3-CaO-MgO-MnO-SiO2 slags [77,78].  
 
Mogutnov et al. [79] have developed an associated-solution model of liquid slags and silicates, based on 
Prigogine's theory, and have applied it with success to ternary and quaternary compositions of the CaF2-
CaO-Al2O3-SiO2-MnO-Ca3P2 system. 
 
3.3 Quasi-chemical models 
This model category uses the quasi-chemical theory of Guggenheim [80] to take into account short range 
order in ionic melts. The modified quasichemical model [81] has been assessed for multicomponent systems 
containing different combinations of the components Al2O3, CaO, MgO, MnO, FeO, Na2O, TiO2, Ti2O3 and 
ZrO2. This model is used in the FactSage software which results from the merger between F*A*C*T [82] 
and ChemSage [83]. The database for this package has been recently largely increased by critical assessment 
of various binary, ternary and quaternary oxide systems containing lead, zinc or chromium oxides [84-86]. In 
addition, the same model was used for the thermodynamic modeling of liquid Fe-Ni-Cu-Co-S [87] and Co-
Fe-Ni-S [88] mattes, leading to the construction of a complete database for copper smelting and 
refining [89]. This database was subsequently extended for calculations in the Zn-Pb-Cu-Ca-Fe-Si-O-S 
system [90,91]. In this database, the slag, matte and alloy phases are treated as different phases, all described 
by the modified quasichemical model, and the sulphide solubility in the slag is predicted by the Reddy-
Blander model, as modified by Pelton. The modeling of matte and slag as one oxisulphide phase is 
announced as being the subject of future work. 



 

IRSID's cell model for slags is also based on the quasi-chemical theory [92]. It is presently used for 
calculations in the system SiO2-TiO2-Ti2O3-Cr2O3-Al2O3-Fe2O3-CrO-FeO-MgO-MnO-CaO-CaF2-S [93]. 
Implementations of this model are available in Thermocalc [69] and FactSage [83] and in the non-
commercially available package CEQCSI developed at IRSID. An extension of this model to the description 
of the oxy-sulphides model with a complete range of solubility between pure oxides and pure sulphides has 
also been consolidated for the system SiO2-Al2O3-Fe2O3-FeO-MgO-MnO-CaO-S [94]. In this model, the 
multicomponent systems are described using only binary parameters. 
 
3.4 Other models 
Despite not being implemented in any commercial software, an adaptation of Flood and Grjotheim's 
model [95] gives very precise estimations of P, O, Mn and S partitions between liquid steel and basic 
refining slags [96,97]. It is based on the assumption of an ideal mixing of ionic species: cations Ca2+, Mg2+, 
complex anions SiO4

4-, PO4
3- and simple anions O2-, S2. Semi-empirical correlations are then used to estimate 

the deviation from ideality. 
 
Some more prospective approaches, in particular based on molecular dynamics, are proposed [98-101] but, 
presently, their use is restricted to simple binary or ternary systems and future developments of this method 
for complex systems is quite uncertain. 
 
3.5 Optical basicity 
Several correlations are proposed in the literature to relate chemical properties of slags, such as sulphide or 
phosphate capacities, to their optical basicity, expressed as a linear combination of the optical basicity of 
each of its components. In Slag Atlas, one can find a review of useful relations for sulphide and phosphate 
capacities for oxygen, manganese, vanadium and water partition. Utochkin [102] proposes the same kind of 
correlation to estimate the nitride capacities in titanium bearing slags and Wall et al. [48] for the activity 
coefficient of niobium oxide. Recently, a user-friendly software package has been developed, with the 
purpose of providing an access to the Optical Basicity Databank for technological applications and for the 
purposes of scientific evaluation [103]. 
 
However, the user must take care when using these relations outside their validity domain. For example, it 
has been shown that the use of the Sosinsky and Sommerville relation to estimate sulphide capacities [104] 
can lead to errors up to two or three orders of magnitude when applied to MnO and/or FeO rich slags [105].  
 
4. INDUSTRIAL APPLICATIONS 
 
The first application presented hereafter deals with the possibility of dephosphorization of ferro-manganese 
alloys by slag/metal reaction. The second one illustrates the use of thermodynamic modeling to optimize Ti 
removal from silico-manganese alloys. 
 
4.1 Dephosphorization of ferromanganese alloys 
A majority of the experimental studies on ferromanganese dephosphorization have been performed under 
oxidizing conditions. In these conditions, the dephosphorization reaction can be expressed as: 

[P] + 3/2(O2-) + 5/2[O] ! (PO4
3-)         (2) 

where:  [P] and [O] stand respectively for the phosphorus and oxygen activity in the metal,  
(PO4

3-) and (O2-) are the PO4
3- and O2- activities in the slag. 

The equilibrium condition between slag and metal can be conveniently written in terms of phosphorus 
partition coefficient [ ]metalslagP PPL %)(%= and of phosphate capacity '

3
4

−POC  that characterizes the slag's 

ability to trap the phosphates:  
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where: Pf  is the activity coefficient of phosphorus in the metal, i.e. its activity divided by its concentration 
expressed in wt%  
 

PM  and −3
4POM  are the molecular weights respectively of phosphorus and phosphate anion.  

 
4.1.1 Effect of slag composition 
Experimental studies have been mainly performed with BaO or BaCO3-bearing slags and with C rich alloys 
for temperatures varying between 1300 and 1400°C [106-108]. They show that these slags have phosphate 
capacities several orders of magnitude higher than Ca-bearing slags usually used in steel refining [109-113]. 
With such slags, dephosphorization ratios, defined as 100.([%P]final- [%P]initial)/[%P]initial), up to 70% can be 
obtained [114]. 
 
Let us note that these Ba-bearing slags have a sulfide capacity higher than Ca-bearing slags and, therefore, 
Mn ferro-alloys could be partly desulfurized by these slags during the dephosphorization operation. 
 
4.1.2 Effect of ferro-alloy composition 
Contrary to what happens with steels, the presence of carbon enhances ferromanganese dephosphorization 
(Figure 7) and limits manganese oxidation [106,107,115]. This is due to the fact that an increase of the 
carbon content increases the phosphorus activity coefficient while decreasing the manganese activity 
coefficient (Figure 8) and does not decrease the oxygen potential which is imposed by the Mn/MnO 
equilibrium. Since manganese increases the carbon content at graphite saturation [116-118], this beneficial 
effect of the carbon content could be used to enhance the dephosphorization of  Mn-rich ferro-alloys. 
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Figure 8. Effect of C on P and Mn activity 
coefficients [107]. 

 
Manganese also has an effect on the phosphorus activity. Schim et al. [115] have shown that the phosphorus 
activity coefficient decreases with increasing manganese content according to the equation: 
 

[ ] 891.0386%0029.0log +−−=
T

MnfP           (4) 

 
This detrimental effect of manganese with respect to dephosphorization remains, of course, of second order, 
the main effect of this element being its direct impact on the oxidizing conditions. 



 

As with carbon, silicon increases the phosphorus activity coefficient [106,120]. However, many studies show 
that silicon contents lower than 0.2% are necessary for dephosphorization since higher contents will impose 
far too reducing conditions [106,108,114,119,120]. The silicon content of ferro-manganese alloys is 
generally quite large (0.7 to 1.1%) and a desiliconisation operation is therefore necessary prior to 
dephosphorization. Silicon removal can be performed by gaseous (O2,CO2) or solid (FeOx, Mn3O4, CaCO3) 
oxidizer additions [108].  
 
4.1.3 Effect of temperature 
Ahundov et al.  [121] studied the effect of temperature on the Mn and P partition coefficient of a Fe-8%Mn-
Csat alloy in contact with a BaO-BaF2 slag. They showed that a low temperature enhances dephosphorization 
but increases Mn loss in the slag. Therefore, the choice of treatment temperature will be a compromise. 
 
4.1.4 Dephosphorization under reducing conditions 
In order to avoid Mn oxidation, experimental studies have been performed on ferro-manganese 
dephosphorization under reducing conditions. Figure 9 gives the stability domains of the barium and calcium 
phosphates and phosphides as a function of the oxygen partial pressure and of the phosphorus content of the 
metal. One can see that, in reducing conditions as in oxidizing conditions, Ba bearing slags potentially lead 
to much lower final phosphorus contents that Ca bearing slags. The oxygen partial pressure corresponding to 
the oxidation of the manganese in the Fe-70%Mn-7%C alloy into pure solid MnO is situated well outside the 
phosphide domain. 
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Figure 10. Stability domains of phosphates and 
phosphides of Ca and equilibrium between Mn 

oxide and a Fe-70%Mn-7%C alloy at 
1300°C [107]. 

For example, experimental studies on dephosphorization under reducing conditions have been performed 
with Ca-Si-CaF2 and CaC2-CaF2 slags  [113,120,122,123]. Phosphorus is then removed by calcium carbide 
according to the reaction: 

3CaC2 + 2[P] ! (Ca3P2) + 6[C]         (5) 

Under such reducing conditions, partition coefficients of 500 could be obtained [124], compared to 
coefficients of less than 100 that can be obtained for dephosphorization under oxidizing 
conditions [114,116]. In order to be in suitable reducing conditions, aluminum or silicon should be added to 
the melt. Lee [116] recommends a silicon content larger than 0.6%. The dephosphorization degree decreases 
noticeably when the carbon content increases or when the manganese content decreases [122,125]. 
 
Under such reducing conditions, dephosphorization generates unstable phosphines (PH3) that are transformed 
into toxic phosphoric acid in the presence of water [109]. At the present time, no recycling treatment has 
been developed, either for slag or for gas. 



 

4.2 Titanium behavior description in silico-manganese alloys 
Silico-manganese alloys used by the steel industry must meet some strict specifications concerning their 
maximum contents of tramp elements such as titanium. The aim of the study reported here [126] was to 
define process conditions in order to obtain, by titanium carbide precipitation and flotation, the lowest 
possible titanium content for the industrial alloys. To that purpose, a thermodynamic model of alloys had 
first to be developed and assessed based on laboratory experiments. 
 
4.2.1 Thermodynamic modeling  
The thermodynamic properties of the system Mn-Fe-Si-C and all the subsystems have been described by the 
"Central Atoms" model  [127]. This model is based on a physical description of the metallic liquid structure 
in terms of cells. Each cell is constituted by a central atom surrounded by its nearest neighbors situated on 
two types of atomic sites distinguished in the structure: the substitutional and the interstitial sites. This model 
permits, with a small number of parameters, the precise description of the properties of the liquid phase. 
 
As an example, Figure 11 shows the satisfactory agreement between Mn activities computed by the model 
and with the available experimental data on the system Mn-Si-Fe. Another example is provided by Figure 12 
that compares experimental carbon and silicon carbide saturation lines and model predictions.  
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Figure 11. Mn activities in the system Mn-Si-Fe at 1700 K: literature data  [128] and modeling. 
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Figure 13. Ti content of the Mn-Si-12%Fe-C 
alloys at TiC saturation: comparison between 

the calculated values and the experimental 
results. 



 

Due to its low content in the alloys, Ti behavior has been modeled with the 1% dilute solution formalism. 
Figure 13 shows that this modeling gives quite satisfactory estimations of the Ti contents at TiC saturation 
when compared to the laboratory results obtained on industrial alloys [126]. 
 
4.2.2 Industrial application 
Analyses of industrial silico-manganese alloys are plotted on Figure 14 along with the different saturation 
lines (TiC/graphite and TiC/SiC) as predicted by the thermodynamic model.  
 
This figure clearly shows the potential benefit of a flotation treatment consisting, of a soft gas stirring, in 
floating out the TiC particles. Even at 1600°C, TiC flotation is far from being complete and it would be 
possible to obtain, by a flotation treatment at 1300°C, much lower titanium contents. For instance, for a 20% 
Si alloy produced at 1600°C, a titanium content of 0.16% could be reached whereas an even lower content of 
0.11% could be obtained for a 16% Si alloy. This flotation treatment would be more beneficial for low Si, 
graphite saturated alloys than for high Si, SiC saturated alloys. For these high Si alloys, a flotation treatment 
will cause a Si loss that could be commercially detrimental. 
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Figure 14. Equilibrium titanium contents of TiC saturated Mn-Si-12%-Fe-C alloys, effect of a flotation 

treatment at 1300°C on two alloys with different silicon contents smelted at 1600°C. 

5. CONCLUSIONS 
In the last decades, both thermodynamic modeling of slags and complex equilibrium calculation software 
have made decisive progress. For example, it is now possible to describe quite accurately, by using this 
software, the equilibrium state of most of the chemical systems of interest to the steelmaker.  
 
As far as the ferro-alloys industry is concerned, thermodynamic modeling could also be used in numerous 
interesting situations, as has been illustrated in this paper with the example of Ti-removal from a manganese 
alloy. But, unfortunately, important gaps remain in the knowledge of the thermodynamic properties of 
important elements for this industry such as Nb or V. Prior to any attempt to model the behavior of such 
elements, the literature review in this paper shows that what is missing the most to fill this gap is 
experimental results. 
 
6. REFERENCES 
 
[1] Slag Atlas, Edited by VDEh, Verlag Stahleisen GmbH, 2nd edition, 1995. 
[2] Pretorius, E.B., �Activity-composition relations of chromium-oxide in silicate melts� PhD, 

Pennsylvania State University, 1989. 
[3] Pretorius, E.B., Muan, A., �Activity-composition relations of chromium oxide in silicate melts at 

1500°C under strongly reducing conditions�, Journal of the American Ceramic Society", 1992, pp. 
1364-1377. 



 

 
[4] Pretorius, E.B., Muan, A., �Oxidation state of chromium in CaO-Al2O3-CrOx-SiO2 melts under strongly 

reducing conditions at 1500°C�, Journal of the American Ceramic Society, 1992, pp. 1378-1381. 
[5] [5] Okabe, Y., Tajima I., Ito, K., �Thermodynamics of chromium oxides in CaO-SiO2-CaF2 slag�, 

Metallurgical and Materials Transactions B, 1998, pp. 131-136. 
[6] Xiao, Y., �Thermodynamic study on CrOx containing slags�, Acta Polytechnica Scandinavica, 1993, 

Chemical Technology and Metallurgy Series No. 210. 
[7] Xiao, Y., Reuter, M., Holappa, L., "Oxidation state of chromium in molten slags", Sixth International 

Conference on Molten Slags, Fluxes and Salts, Stockholm � Helsinki, June 12-16, 2000. 
[8] Xiao Y., Holappa, L., Reuter, M.A., �Oxidation state and activities of chromium oxides in CaO-SiO2-

CrOx system�, Metall. Trans. B, 2002, pp. 595-603. 
[9] Kossyrev, K.L., Marushkin, K., Alikhonyan, A.S., Olsen, S.E., �Component activities in SiO2-CrOx-

MgO-Al2O3 (MgO/ Al2O3=2.0) at 1873 and 1973 K�, Sixth International Conference on Molten Slags, 
Fluxes and Salts, Stockholm, Helsinki, 12-17 June 2000. 

[10] Katayama, H.G., Tsao, T., Sasaki, T., Takatsuka, K., �Distributions of chromium and sulphur between 
carbon-saturated ferrochrome and CaO-MgO-Al2O3-SiO2 slag�, Tetsu-to-Hagane, 1987, pp.336-342. 

[11] Katayama, H.G., Tsao, T., Matsushima, N., �Chromium and sulphur distributions between liquid Fe-Cr 
alloy and calcium aluminate based slag for ladle refining�, Trans. ISIJ, 1988, pp. 186-191. 

[12] Mc Coy, C.W., Langenberg, F.C., �Slag-metal equilibrium during stainless steel melting�, Journal of 
Metals, 1964, pp. 421-424. 

[13] Pathy, R.V., Ward, R.G., �Distribution of chromium between liquid iron and simple synthetic slags�, 
Journal of The Iron and Steel Institute, 1964, pp. 995-1001. 

[14] Rankins, W.J., Biswas, A.K., �Oxidation states of chromium in slag and chromium distribution in slag-
metal systems at 1600°C�, Trans. Inst. Min. Metall., 1978, pp. C60-70. 

[15] Körber, F., Oelsen, W., "Die Reaktionen des Chroms mit sauren Schlacken", Mitt. K.-Wilh.-Inst. 
Eisenforschg., 1935, pp. 231-245. 

[16] Grant, N.J., Roberts, E.C., Chipman, J., �Chromium distribution between liquid iron and molten basic 
slags�, Journal of Metals, 1954, pp. 145-149. 

[17] Tesche, K., �Gleichgewichte zwischen Kohlenstoff, Sauerstoff und den Metallen Chrom sowie Magan 
in Abhängigkeit von der Temperatur beim Frischen mit Sauerstoff im basischen Lichtbogenofen�, 
Archiv für das Eisenhüttenwesen, 1961, pp. 437-450. 

[18] Kojima, Y., Sano, K., �Equilibrium between liquid iron-chromium alloy and silica saturated slag�, 
Tetsu-to-Hagane, 1964, pp. 22-29. 

[19] Di Donato, A., Granati, P., �Experimental determination of activity of FeO, MnO and Cr2O3 in slags�, 
Sixth International Conference on Molten Slags, Fluxes and Salts, Stockholm, Helsinki, 12-17 June 
2000. 

[20] Leusmann, D., Neues Jahr. Mineral. Monatsh., 1979, pp.262-266. 
[21] DeVries, R.C., Roy, R., Osborn, E.F., �Phase equilibria in the system CaO-TiO2-SiO2�. Journal of the 

American Ceramic Society, 1955, pp. 158-171. 
[22] Rouf, M.A., Cooper, A.H., Bell H.B., �A study of phase equilibria in the system CaO-MgO-TiO2�. 

Trans. J. Br. Ceram. Soc., 1969, pp. 263-267. 
[23] Eriksson, G., Pelton, A.D., �Critical evaluation and optimization of the thermodynamic properties and 

phase diagrams of the MnO-TiO2, MgO-TiO2, FeO-TiO2, Ti2O3-TiO2, Na2O-TiO2 and K2O-TiO2 
systems�. Metall. Trans. B, 1993, pp. 795-805. 

[24] Brauer, G., Littke, W., J. Inorg. Nucl. Chem., 1960, pp. 67-76. 
[25] Tranell G., Ostrovski O., Jahanshahi S., �The equilibrium partitioning of titanium between Ti3+ and Ti4+ 

valency states in CaO-SiO2-TiOx slag�, Metall. Mater. Trans. B, pp. 61-67. 
[26] Ban-ya, S., Chiba, A., Hirosaka, A., �Thermodynamics of FetO-MxOy (M xOy =CaO, SiO2, TiO2 and 

Al2O3). Binary melts in equilibrium with solid iron�, Tetsu-to-Hagane, 1980, pp. 1484-1493. 
[27] Smith, I.C., Bell, H.P, �Thermodynamics of FeO-TiO2 melts saturated with iron at 1475°C�, Trans. 

Instn Min. Metall., 1970, pp. C253-258. 
[28] Smith, I.C., Bell, H.P, �Thermodynamics of FeO-MnO-TiO2 melts saturated with iron at 1475°C�, 

Trans. Instn Min. Metall., 1971, pp. C55-59. 
[29] Abdelkarim, O.I.H., Sommerville I.D., �Thermodynamics of complex slags containing ferrous oxide 

and titania�, ISS. Trans., 1984, pp. 55-62. 
[30] Kärsrud K., �Sulphide capacities in TiO2 containing slags II. Sulphide capacities and activities in MnO-

TiO2 melts at 1500°C�, Scand. J. Metallurgy, 1984, pp. 265-268. 



 

 
[31] Rao, B.K.D.P., Gaskell, D.R., �The thermodynamic activity of MnO in melts containing SiO2, B2O3 and 

TiO2�, Metall. Trans. B, 1981, pp. 469-477. 
[32] Martin, E., Bell, H.P., �Activities in the system MnO-TiO2 at 1500°C�, Trans. Instn. Min. Metall, 1974, 

C193. 
[33] Ohta M., Morita, K., �Thermodynamics of the MnO-Al2O3-TiO2 system�, Trans. ISIJ, 1999, pp. 1231-

1238. 
[34] Tanabe, J., Suito, H., �Thermodynamics of nitrogen in CaO-TiO2-TiO1.5 slags�, Steel Research, 1992, 

pp.515-520. 
[35] Cho, S.W., Suito, H., �Thermodynamics of oxygen and nitrogen in liquid nickel equilibrated with CaO-

TiOx and CaO-TiOx-Al2O3 melts�. Metall. Mater. Trans. B, 1994, pp. 5-13. 
[36] Kishi, M., Suito, H., �Thermodynamics of oxygen and nitrogen in liquid iron equilibrated with CaO-

TiOx and CaO-TiOx-Al2O3 melts�. Steel Research, 1994, pp. 261-266. 
[37] Kishi, M., Inoue, R., Suito, H., �Thermodynamics of Oxygen and Nitrogen in Liquid Fe-20mass%Cr  

alloy equilibrated with titania-based slags�. Trans. ISIJ, 1994, pp. 859-867. 
[38] Ariyo, C.O., Holappa, L., �Activity of titanium oxide in CaO-SiO2-Ti3O5 slags�, Sixth International 

Conference on Molten Slags, Fluxes and Salts, Stockholm, Helsinki, 12-17 June 2000. 
[39] Ariyo, C.O., Holappa, L., �Activity of titanium oxide in CaO-SiO2-Ti3O5 slags at 1600°C�, Scand. J. 

Metallurgy, 2002, pp. 385-392. 
[40] Ito, K., Sano, N., �The thermodynamics of titanium in molten slags equilibrated with graphite�, Tetsu-

to-Hagane, 1981, pp. 2131-2137. 
[41] Ozturk, Y., Fruehan, R.J., �Thermodynamics of titanium oxide in blast furnace type slags�, 

ICSTI/Ironmaking Conference Proceedings, 1998, pp. 1443-1458. 
[42] Jung, S.M., Fruehan, R.J., �Thermodynamics of titanium oxide in ladle slags�, Trans. ISIJ, 2001, pp. 

1447-1453. 
[43] Ruby-Meyer, F., Lehmann, J., Gaye, H., �Thermodynamic analysis of inclusions in Ti-deoxidised 

steels�, Scand. J. Metallurgy, 2000, pp. 206-212. 
[44] Phase Equilibria Diagrams. Ed. American Ceramic Society, Vol. III, pp. 231-234. 
[45] Yamakasi, T., Inoue, H., Ohtani, M., �Distribution of Niobium between liquid iron and slag in the 

system of CaO-SiO2-Al2O3�, Bull. Res. Inst. Miner. Dressing Metall. , 1986, pp. 9-16. 
[46] Inoue, R., Zhang, X.P., Li, H., Suito, H., �Distribution of Nb, P, Mn between liquid iron and MgOsat.-

FetO-SiO2-NbOx-MnO slags�, Trans. ISIJ, 1987, pp. 946-950. 
[47] Inoue, R., Peng, X., Hong, L., Suito, H., �Distribution of Nb, P, Mn between liquid iron and MgO-

saturated FetO-SiO2-NbOx-MnO slags�, Tetsu-to-Hagane, 1988, pp. 1765-1769. 
[48] Wall, K.D., Coley, K.S., �Partition behavior of Niobium between Carbon Saturated Iron and Slags from 

CaO-Al2O3-SiO2-MgO system�, Sixth International Conference on Molten Slags, Fluxes and Salts, 
Stockholm, Helsinki, 12-17 June 2000. 

[49] Sato, A., Aragane, G., Kahasara, A., Yoshimatu, S., �Selective removal of niobium or manganese from 
molten pig iron�, Trans. ISIJ, 1985, p. B-288 

[50] Inoue, R., Suito. H., �Oxidation behavior of silicon, phosphorus and niobium in carbon-saturated iron 
melt with sodium carbonate�, Trans. ISIJ., 1983, pp. 586-592. 

[51] Sato, A., Aragane, G., Kahasara, A., Kori, M., Yoshimatu, S., �Preferential removal of Si, Nb and Mn 
from pig iron containing Nb�, Trans. ISIJ, 1987, pp. 275-282. 

[52] Fukuzawa, A., Nakagawa, R., Yoshimatsu, S., Sato, A., Ozaki, T., Zhou, R., Lin, Z., Huang, Y., Jiang, 
J., �Refining of hot metal containing Nb with multi-stage continuous selective oxidation process�, 
Tetsu-to-Hagane, 1987, pp. 2145-2153. 

[53] Bonnet, K. D., Coley, K.S., �Partition behavior of niobium between carbon saturated iron and slags 
from the CaO- Al2O3-SiO2-MgO system�, Proceedings of the 2001 Steelmaking Conference, Baltimore, 
March 2001, pp. 965-972. 

[54] Han, Q., Deng, J., Huang, S., Fang, Y., �Distribution of Niobium or Tantalum between fluorine-
containing slag and iron in blast furnace smelting�, Metall. Mater. Trans. B, 1990, pp. 873-877. 

[55] Sakuraya, K., Furuyama, S., Yoshimatsu, S., �Behavior of reduction of molten slag containing Niobium 
oxide by carbon�, Trans. ISIJ, 1987, p. B-244. 

[56] Werme A., Åström C., �Recovery of vanadium from hot metal � Thermodynamics and injection 
applications�, Scan. J. Metall., 1986, pp. 273-282. 

[57] Werme A., �Distribution of vanadium between SiO2 rich slags and carbon saturated liquid iron�, Steel 
Research, 1988, pp. 6-15. 



 

 
[58] Inoue R., Suito, H., �Distribution of vanadium between liquid iron and MgO saturated slags of the 

system CaO-MgO-FeOx-SiO2�, Trans. ISIJ, 1982, pp. 705-714 
[59] Howard, R.L., Richards, S.R., Welch, B.J., Moore, J.J., �Vanadium distribution in melts intermediate to 

ferroalloy production from vanadiferous slag�,  Metall. Mater. Trans. B, 1994, pp. 27-32. 
[60] Vermaak, M.K.G., Pistorius, P.C., �Equilibrium slag losses in ferrovanadium production�, Metall. 

Mater. Trans. B., 2000, pp. 1091-1097. 
[61] Tsukihashi, F., Tagaya, A., Sano, N., �Effect of Na2O addition on the partition of vanadium, niobium, 

manganese and titanium between CaO-CaF2-SiO2 melts and carbon saturated iron�, Trans. ISIJ, 1988, 
pp. 164-171 

[62] Selin, R., �Studies on MgO solubility in complex steelmaking slags in equilibrium with liquid iron and 
distribution of phosphorus and vanadium between slag and metal at MgO saturation. Part I. Reference 
system CaO-FeO*-MgOsat-SiO2�, Scan. J. Metallurgy, 1991, pp. 279-299. 

[63] Selin, R., �Studies on MgO solubility in complex steelmaking slags in equilibrium with liquid iron and 
distribution of phosphorus and vanadium between slag and metal at MgO saturation. Part II. The total 
system including Al2O3, SiO2 and TiO2�, Scan. J. Metallurgy, 1991, pp. 318-328. 

[64] Ban-ya, S., Hino, M., �Mathematical expression of slag-metal equilibria in steelmaking process by 
quadratic formalism based on regular solution model�, Tetsu-to-Hagane, 1988, pp. 1701-1711. 

[65] Ban-ya S., �Mathematical expression of slag-metal equilibria in steelmaking process by quadratic 
formalism based on regular solution model�, 4th International Conference on Molten Slags and Fluxes, 
Sendaï, 1992, pp. 8-13. 

[66] Nagabayashi, R., Hino, M., Ban-ya, S., �Mathematical expression of phosphorus distribution in 
steelmaking process by quadratic formalism�, Trans. ISIJ, 1989, pp. 140-147. 

[67] Hillert, M., Jansson B., Sundman, B., �A two-sublattice model for molten solutions with different 
tendency for ionisation�, Metall. Mater. Trans. A., 1985, pp. 261-266. 

[68] Sundman, B., Agren, J., J. Phys. Chem. Solids, 1981, pp. 297-301. 
[69] Sundman, B., Jansson, B., Andersson, J.-O., �The Thermo-Calc Databank System�, Calphad, 1985, pp. 

153-90. 
[70] Dinsdale, A.T., Hodson, S.M., Barry, T.I., Taylor, J.R., �Computations using MTDATA of Metal-

Matte-Slag-Gas equilibria�, in Computer Software in Chemical and extractive Metallurgy, Pergamon 
Press, New York, NY, 1989, pp. 59-74. 

[71] Cheynet, B., �Complex Chemical Equilibria Calculations with the THERMODATA System�, in 
Computer Software in Chemical and extractive Metallurgy, Pergamon Press, New York, NY, 1989, pp. 
31-44. 

[72] Selleby, M.,  �An Assessment of the Fe-O-Si System�, Metall. Mater. Trans. B, 1997, pp. 563-576. 
[73] Selleby, M.,  �An Assessment of the Ca-Fe-O-Si System�, Metall. Mater. Trans. B, 1997, pp. 577-596. 
[74] Björkvall, J., �Thermodynamic study of multicomponent slags � a model approach�, Doctoral Thesis, 

Department of Materials Science and Engineering, Division of Metallurgy, Royal Institute of 
Technology, March 2000. 

[75] Lumsden, J., Physical Chemistry of Process Metallurgy I, ed. By G.R.St. Pierre, Metall. Soc. Conf. 
Interscience, New-York, 1961, p.165. 

[76] Du Sichen, Nilsson, R.,   Seetharaman, S., �A mathematical model for estimation of sulphide capacities 
of multi-component slags�, Steel Research, 1995, pp. 458-462. 

[77] Nzotta, M.M., Du Sichen, Seetharaman, S., �A study of the sulfide capacities of iron-oxide containing 
slags�, Metall. Mater. Trans. B, 1999, pp. 909-920. 

[78] Nzotta, M.M., Andreasson, M., Jönsson, P., Seetharaman, S., �A study on the sulphide capacities of 
steelmaking slags�, Scand. J. Metallurgy, 2000, pp. 177-184. 

[79] Mogutnov, B.M., Zaitsev, A.I., Litvina, A.D., �Thermodynamic modeling of liquid slags�, 1998 
ICST/Ironmaking Conference Proceedings, pp. 1477-1486. 

[80] Guggenheim, E.A., Mixtures, Oxford at the Clarendon Press, 1952. 
[81] Pelton, A.D., Blander, M., �Thermoynamic analysis of ordered liquid solutions by a modified 

quasichemical approach � Application to silicate slags�, Metall. Mater. Trans., 1986, pp. 805-815. 
[82] Bale, C.W., Pelton, A.D., Thompson, W.T., �Facility for the Analysis of Chemical Thermodynamics� 

(F*A*C*T), CRCT, Ecole Polytechnique, Montreal, Canada, 1995. 
[83] Eriksson, G., Hack, K., �ChemSage � A computer program for the calculation of complex chemical 

equilibria�, Metall. Mater. Trans B, 1990, pp. 1013-1023. 



 

 
[84] Degterov, S.A.,  Pelton, A.D., �Critical evaluation and optimization of the thermodynamic properties 

and phase diagrams of the CrO-Cr2O3-SiO2-CaO system�, Metall. Mater. Trans. B, 1997, pp. 235-242. 
[85] Jak, E.,  Degterov, S.A.,  Wu, P.,  Hayes, P.C.,  Pelton, A.D.,  �Thermodynamic optimization of the 

systems PbO-SiO2, PbO-ZnO, ZnO-SiO2 and PbO-ZnO-SiO2�, Metall. Mater. Trans. B, 1997, pp. 1011-
1018. 

[86] Jak, E.,  Degterov, S.A.,  Hayes, P.C.,  Pelton, A.D. , �Thermodynamic optimisation of the  systems 
CaO-PbO and PbO-CaO-SiO2�, Can. Metall. Quart., 1998, pp. 41-47. 

[87] Kongoli, F.,  Dessureault, Y.,  Pelton, A.D., �Thermodynamic modeling of liquid Fe-Ni-Cu-Co-S 
mattes�, Metall. Mater. Trans. B, 1998, pp. 591-601. 

[88] Kongoli, F.,  Pelton, A.D., �Model Prediction of Thermodynamic Properties of Co-Fe-Ni-S Mattes�, 
Metall. Mater. Trans. B, 1999, pp. 443-450. 

[89] Degterov, S.A., Pelton, A.D., �A Thermodynamic database for copper smelting and converting�, Metall. 
Mater. Trans. B, 1999, pp. 661-669. 

[90] Degterov, S.A., Pelton, A.D., �Thermodynamic modeling of lead distribution among matte, slag, and 
liquid copper�, Metall. Mater. Trans. B, 1999, pp. 1033-1044. 

[91] Degterov, S.A., Dessureault, Y.,  Pelton, A.D., �Thermodynamic modelling of zinc distribution among 
matte, slag and liquid copper�, Can. Metall. Quart., 2000, pp. 43-54. 

[92] Gaye, H., Welfringer, J, �Modelling of the thermodynamic properties of complex metallurgical slags� 
Proc. Second International Symposium on Metallurgical Slags and Fluxes, Warrendale, PA, Eds. H.A. 
Fine and D.R. Gaskell, 1984. 

[93] Lehmann, J., Gaye, H. , �Thermodynamic modeling of TiOx-bearing slags�, 82nd Steelmaking 
Conference Proceedings, 1999, pp. 463-470. 

[94] Gaye, H., Lehmann, J.,  �Modelling of slag thermodynamic properties. From Oxides to Oxisulphides�, 
Proceedings of the 5th International Conference on Molten Slags, Fluxes and Salts, Sydney, Australia, 
1997, The Iron & Steel Society, pp.27-34. 

[95] Flood, H., Grojtheim, K., J. Iron and Steel Inst., �Thermodynamic calculation of slag equilibria� 1952, 
pp. 64-70. 

[96] Gaye, H., Grosjean, J.C., Riboud, P.V., �Estimation de l'équilibre métal-laitiers basiques d'aciérie. 
Application à l'étude des performances des réacteurs industriels�, Congrès PCS 78, Versailles, France, 
1978. 

[97] Gaye H., Grosjean J.C., �Metallurgical reactions in the LBE process�, Proceedings of the 65th 
Steelmaking Conf. ISS, Pittsburgh, 1982, pp. 202-210. 

[98] Matsumiya, T.,  Nogami, A.,  Fukuda, Y., �Applicability of molecular dynamics to analyses of refining 
slags�, Proceedings of the 4th International Conference on Molten Slags and Fluxes, 8-11 June 1992, 
Sendai, Japan, The Iron and Steel Institute of Japan, pp. 115-120. 

[99] Belashchenko, D.K., Ostrovski, O.I., Utochkin, Y.I., �Molecular dynamics simulation of dilute solutions 
of MeO and MeF2 in the CaO-CaF2 system�, Trans. ISIJ., 1998, pp. 673-679. 

[100] Belashchenko, D., Ostrovski, O.I., �Molecular dynamics simulation of oxides with ionic-covalent 
bonds�, Sixth International Conference on Molten Slags, Fluxes and Salts, Stockholm, Helsinki, 12-17 
June 2000. 

[101] Cormack, A.N., Yuan, X., Park, B., �Atomistic computer simulations of silicate glasses and melts�, 
Sixth International Conference on Molten Slags, Fluxes and Salts, Stockholm, Helsinki, 12-17 June 
2000. 

[102] Utochkin, Y. I., Stadnichenko, D.V., Burtsev, V.T., Grigoryan, V.A., �Effect of optical basicity on 
nitride capacity of titania containing slags�, Sixth International Conference on Molten Slags, Fluxes 
and Salts, Stockholm, Helsinki, 12-17 June 2000. 

[103] Mitchell, F.,  Sleeman, D.,  Duffy, J.A.,  Ingram, M.D.,  Young, R.W., �Optical basicity of 
metallurgical slags: new computer based system for data visualisation and analysis�, Ironmaking and 
Steelmaking, 1997, pp. 306-320. 

[104] Sosinsky, D.J., Sommerville, I.D., �The composition and temperature dependence of the sulfide 
capacity of metallurgical slags�, Metall. Mater. Trans. B., 1987, pp. 331-337. 

[105] Lehmann, J., Gaye, H., �Modeling of thermodynamics of sulphur bearing metallurgical slags�, Rev. 
Int. Hautes Tempér. Réfract., Fr., 1992-1993, pp. 81-90. 

[106] Ma, Z., Ni, R., Zheng, C., Wang, J., �Dephosphorization of Mn-based alloys�, Steel Research, 1992, 
pp. 112-119. 



 

 
[107] Liu, X., Wijk, O., Selin, R., Edström, J.O., �Oxidizing dephosphorization of ferro-manganese�, Scand. 

J. of Met., 1996, pp. 204-215. 
[108] Lee, Y.E., Kauser, R.H., US patent, 4752327, 1988. 
[109] Wijk, O., �The phosphorus problem in iron and steelmaking�, Scand. J. of Met., 1993, pp. 130-138. 
[110] Nassaralla, C., Fruehan, R.J., Min, D.J., �A thermodynamic study of dephosphorization using BaO-

BaF2, CaO-CaF2 and BaO-CaO-CaF2 systems�, Metall. Mater. Trans. B , 1991, pp. 33-38. 
[111] Tsukihashi, F., Nakamura, M., Orimoto, T., Sano, N., �Thermodynamics of phosphorus for the CaO-

BaO-CaF2-SiO2 and CaO-Al2O3 systems�, Tetsu-to-Hagane, 1990, pp. 1664-1671. 
[112] Hara, T., Tsukihashi, F., Sano, N., �Phosphorus partition between Fe-Cr-C melts and BaO-BaF2 fluxes 

and the activity of BaO�, Tetsu-to-Hagane, 1990, pp. 352-359. 
[113] Tabuchi, S., Sano, N., �Thermodynamics of phosphate and phosphide in CaO-CaF2 melts�, Metall. 

Mater. Trans. B, 1984, pp. 351-357. 
[114] Chaudhary, P.N., Goel, R.P., Roy, G.G., �Dephosphorization of high carbon ferromanganese using 

BaCO3 base flux�, Ironmaking and Steelmaking, 2001, pp.396-402. 
[115] Shim, S.C., Morita, K., Sano, N., �Thermodynamics of phosphorus in carbon-saturated manganese-

based alloys, Steel Research�, 1994, pp. 523-527. 
[116] Lee, Y.E., �Thermodynamic assessment of liquid Fe-Mn-C system�, Met. and Materials Transactions 

B, 1998, pp. 397-403. 
[117] Sanbongi, K., Ohtani, M., Toita, K., �On the effect of alloying elements on the solubility of carbon in 

molten iron�, Bull. Res. Inst. of Min. Dress. and Met. Tohoku Univ., 1956, pp. 97-106. 
[118] Vatolin, N.A., Esin, O.A., �Influence of various elements on the solubility of carbon in molten iron�, J. 

of general Chemistry of the USSR, 1956, pp. S1725-S1731. 
[119] Fujita, M., Katayama, H., Yamamoto, A., Matsuo, M., �Dephosphorization of Fe-Mn-C alloy with 

BaCO3�, Tetsu-to-Hagane, 1988, pp. 816-822. 
[120] Lee, Y.E., �Characterization of dephosphorizing processes for Mn alloys�, Proc. 6th Int. Iron and Steel 

Cong. Nagoya, Japan, 1990, ISIJ, pp. 327-333. 
[121] Ahundov, N., Ogly, F., Tsukihashi, F., Sano, N., �Equilibrium partitions of manganese and phosphorus 

between BaO-BaF2 melts and carbon saturated Fe-Mn melts�, Trans. ISIJ, 1991, pp. 685-688. 
[122] Harashima, K., Fukuda, Y., Kajioka, H., Nakamura, Y., �Dephosphorization of high chromium and 

high manganese steel with CaC2-CaF2 flux�, Trans. ISIJ, 1985, p. B92. 
[123] Wang, D., Shao, X., �Experimental study on dephosphorization of ferro-manganese�, Iron and Steel 

(China), 1983, pp. 14-21. 
[124] Breitzmann, M., Dr.-Ing. Thesis, TU Clausthal, 1987 (in Slag Atlas). 
[125] Harashima, K., Fukuda, Y., Kajioka, H., Nakamura, Y., �Dephosphorization and desulfurization of 

high chromium steel and high manganese steel with CaC2-CaF2 flux and decomposition of CaC2�, 
Tetsu-to-Hagane, 1986, pp. 19-26. 

[126] Bertrand, F., Lehmann, J., Gaye, H., �Etude expérimentale et théorique de l'élimination de Ti dans les 
alliages liquides Mn-Si-Fe-C�, Le Revue de Métallurgie-CIT, 1998, pp. 1109-1119. 

[127] Foo, E-Hsin, Lupis, C.H.P., �The central atoms model of multicomponent interstitial solutions and its 
applications to carbon and nitrogen in iron-alloys�, Acta Met., 1973, pp. 1409-1430. 

[128] Gee, R., Rosenquist T., �Activities in liquid Fe-Mn-Si alloys�; Scand. J. Metallurgy, 1978, pp; 38-41. 


	INTRODUCTION
	THERMODYNAMIC DATA
	2.1 Titanium
	2.2 Niobium
	2.3 Vanadium

	THERMODYNAMIC SLAG MODELS AND COMPUTER SOFTWARE
	3.1 Regular solution models
	3.2 Sublattice models
	3.3 Quasi-chemical models
	3.4 Other models
	3.5 Optical basicity

	INDUSTRIAL APPLICATIONS
	4.1 Dephosphorization of ferromanganese alloys
	4.1.1 Effect of slag composition
	4.1.2 Effect of ferro-alloy composition
	4.1.3 Effect of temperature
	4.1.4 Dephosphorization under reducing conditions
	4.2.1 Thermodynamic modeling
	Due to its low content in the alloys, Ti behavior has been modeled with the 1% dilute solution formalism. Figure 13 shows that this modeling gives quite satisfactory estimations of the Ti contents at TiC saturation when compared to the laboratory results
	4.2.2 Industrial application


	CONCLUSIONS
	REFERENCES

	page0: 300
	page1: 301
	page2: 302
	page3: 303
	page4: 304
	page5: 305
	page6: 306
	page7: 307
	page8: 308
	page9: 309
	page10: 310
	page11: 311
	page12: 312
	page13: 313
	page14: 314
	page15: 315
	home: 


