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ABSTRACT 

In order to optimize the metallurgical processes it is necessary to improve the 
understandings of the industrial slag properties, which include thermophysical and 
thermochemical properties. In the present study Mass Triangle Model was applied to 
predict these properties. According to the model formula, a program was developed in 
Visual C++ environment to calculate different properties in limited solubility ternary 
system. Successful applications of this model in predicting viscosity, surface tension, and 
density have been demonstrated in the case of a number of ternary slags in liquid state, as 
for example, RExOy-CaF2-SiO2 (RE refer to rare earth metal), MnO-TiO2-SiO2, 
CaO-Al2O3-SiO2, BaO-FeO-Fe2O3, CaO-MnO-SiO2 etc. In addition, the method has also 
been extended to predict electrical conductivities and sulphide capacities, which is first 
attempt to compute properties. Furthermore, an extension of this model has also been 
performed in the present study to obtain the corresponding properties in a homogeneous 
ternary system. Good agreement between model calculation and literature values had 
demonstrated that mass triangle model offers a powerful and efficient tool for estimations 

of various properties of molten system only based on limited experimental information.  

Knowledge of the thermodynamic properties of chromium oxides-containing slags is of 
great importance to chromium retention in stainless steel production, in view of 
chromium impacts on economic costs and environmental protection. Thus, the oxidation 
states of chromium in slags as well as sulphide capacity of CrOx-containing slag have 
been studied. In the studies of oxidation state of chromium in slags, gas/slag equilibrium 
technique was used for CaO-SiO2-CrOx system and the ratio of Cr2+/Cr3+ in 
multicomponent slags was measured by X-ray absorption near edge spectra (XANES). 
High-temperature mass spectrometry method was also used to obtain the distribution of 
chromium oxides in CaO-MgO(-FeO)-Al2O3-SiO2-CrOx system. It is to be noted that the 
present work is probably the first to employ Knudsen cell-mass spectrometry as an 
effective way to estimate chromium valences through vapor species. Utilizing the data 
obtained in present study as well as those reported in literature, a mathematical 
correlation was established for estimating the ratio of Cr2+/Cr3+ as a function of 
temperature, partial pressure of oxygen and slag basicity. The comparison between 

experimental valence ratio values and estimated ones presents a satisfactory agreement.  

The sulphide capacities of CaO-SiO2-CrOx pseudo-ternary slags were measured using the 
gas-slag equilibration technique in the temperature range 1823–1923 K under two 
different oxygen partial pressures 9.80×10-3 and 9.88×10-4 Pa. The results showed that 
log10Cs varied linearly with the reciprocal temperature, and the slope was higher than the 
corresponding value reported in the case of the binary CaO-SiO2 of corresponding 
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composition. By using the equation developed as part of this project relating Cr2+/Cr3+ 
with basicity, oxygen partial pressure and temperature, it was possible to understand the 
effect of CrO on the sulphide capacities; viz. the sulphide capacity shows a decreasing 
trend as Cr2+ replaces Ca2+ in the slag. With further increase of Cr2+ content, there are 
indications of the occurrence of a minimum point beyond which the sulphide capacities 
show a slight increasing trend. The latter is attributed to the increasing extent of the 
polymerization reaction releasing oxygen ions for sulphide reactions in the metasilicate 

region. The behavior of CrO in the slag was found to be analogous to FeO. 

Estimation of liquidus and solidus temperature of slag was also carried out in the present 
study. The results indicated that it is possible to get a reasonable idea of the solidus 
temperature from X-ray radiography while DSC would indicate the liquidus temperature 

of slag 

Keywords: thermophysics, thermochemistry, mass triangle model, geometrical model, 

chromium, oxidation state, sulphide capacity, slags 
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1 INTRODUCTION 

With the increasing constraints on the steel industry with respect to the energy and 
environmental optimization, eco-steel production has received high priority in Sweden, as 
exemplified by the national effort supported by Swedish Environmental Research Foundation 
(MISTRA) and the Swedish Steel Producers Association (Jernkontoret).  New strategies for, 
retaining the dissolved elements in the steel bath within specified intervals, especially in the 
case of high alloy steel production, has been one of the targets in this great effort. This is 
especially emphasized in the secondary metallurgy processes, where the reactions between the 
steel and slag play a significant role on the resulting product. In order to optimize these 
reactions, it is necessary to have a complete understanding of the slag with respect to both 

thermophysical as well as thermochemical properties. 

It is realized that, in view of the extreme difficulties in measurements, the experimental data 
available in the case of multicomponent systems is often scarce and scattered. On the other 
hand, there is abundance of literature data for lower order systems in view of the relative ease 
of experimentation. It would be extremely useful to industrial applications, if a reliable 
generalized theoretical model that could be developed for computing the physico-chemical 
properties of multicomponent systems from the corresponding lower order systems. In the 
present work, a promising geometrical model was applied to estimate several thermophysical 

properties of molten slags, with high degree of success in predictions.  

Concerning stainless steel production, great attention is paid to the chromium retention in view 
of its impacts on the economic and environmental factors. As a transition metal, chromium 
exhibits different valences, i.e. Cr2+, Cr3+ and Cr6+ which depends on the varied conditions. 
Under the steel production conditions however, only Cr2+ and Cr3+ would exist. The 
distribution of chromium species in slag phase varies depending on a number of process 
variables. A great divergence in literature was noticed when a survey of literature on this topic 
was carried out in this work. To understand the valence distribution of chromium in slags, 
gas/slag equilibrium technique combined with synchrotron method was used. 
High-temperature mass spectrometry method was also adopted to complement these results in 
the present work. It should be mentioned that it is the first time for mass spectrometry being 
used as an effective way for analyzing chromium valences through vapor species. Finally, a 
mathematical correlation was arrived for estimating the ratio of Cr2+/Cr3+ as a function of 

temperature, partial pressure of oxygen and slag basicity. 

As it is known, the structures of molten silicate melts are extremely complicated due to the 
polymerization of silicate anions. The slag composition under consideration would define a 
certain structure of the system, resulting in variations in the physico-chemical properties 
presented in macro-scale. Thus, each property of slag is also associated with one or more 
specific characteristic(s) of structures. Viscosity and thermal conductivity probably were 
related to the units of silicate anions, while electrical conductivity related to the movement of 
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cations through silicate network. In the case of sulphide capacity, availability of free oxygen 
ions in slags is a very important factor. Thus, the properties of slags also provide valuable 

structure information. 

In this thesis, two strategies to observe slag were applied, from a general modeling approach to 
critical examination of specific slags and conversely from the study of individual slag systems 
to a generalized understanding of slags. In other word, highly generalized mass triangle model 
was used to observe various properties, while reversely, from experimental determination, the 
structure information was derived by means of estimation of electrical conductivity as well as 
the determination of sulphide capacity. 

 

Figure 1.1 Strategy of the present work 
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2 THEORIES OF SLAG 

Slags, as generally encountered in pyrometalurgical operations, are multicomponent systems 
containing oxides such as CaO, MgO, FeO, Al2O3, SiO2. Direct information of the atomic 
structure of molten oxides can be obtained by means of high temperature X-ray diffraction 
technique. For molten silicates, X-ray diffraction studies have shown that the basic building 

units are 
4
4SiO 

tetrahedra, which share corners with one another, as indicated in Figure 2.1. 

  

Silica 
tetrahedron

 
 

 

Single 
chain 

structure
 

 

   

Framework 
silicate 

structure

  

 
Figure 2.1 Silicates structures 

Concerning the specific functions of oxides in slag structure, they can be divided into three 
categories. Firstly, oxides like SiO2 form 3-D networks. The oxygen coordination number for 
these oxides is 3 or 4, which indicates that the network former (NWF) oxides can easily build 
up a characteristic network structure consisting of triangles or tetrahedral units. The second 
group is referred to “network modifiers” (NWM), which break the network structures when 
added to NWF oxides since the attracting force between the cation and oxygen is weak in 
comparison to NWF oxides, for example CaO, Na2O etc. The last group includes oxides like 
TiO2, Al2O3 and Fe2O3 etc, which behave as either NWF or NWM depending upon the melt 

environment, so called as “amphoteric”. 
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However, the structural knowledge gained by X-ray diffraction is far from complete. With the 
developments of new technology, various alternative analysis methods have been used, such as 
Infrared (IR) and Raman spectroscopy, Mössbauer spectroscopy, Nuclear Magnetic Resonance 

(NMR) spectroscopy etc, which make a breakthrough to observe the slag structure.  

Meanwhile, theoretical descriptions about the slag have been developed with varying degree of 
success during the past few decades. Short review of several important theories is presented as 

below: 

 Richardson [1, 2] proposed that binary silicates at equal silica mole fraction mixed 
ideally with one another. This was based on the observations that metasilicate 
(MgO·SiO2 with FeO·SiO2) and orthosilicate (2CaO·SiO2 and 2MnO·SiO2) are formed 
from the individual silicates with zero mixing enthalpy. According to this theory, the 
heat mixing is zero and that the entropy of mixing is only configurational and arises 
only from cations mixing, since the anionic structure is the same in both the pure 

silicates. 

 Lumsden [3] put forward that silicate melts could be regarded as a matrix of O2- anions 
with dispersed cations like Fe2+ and Si4+. He assumed that the dissolved silica was ionic 
in contrast to liquid silica which is covalent. Based on this treatment, the activity 
coefficients of the various oxides in slags were derived as functions of composition, 
which had been found to be valid over wide ranges of composition. This model had 
bypassed the definition for the complicated anionic units even though it was contrary to 
the structure evidences of polymerization of silicate melts. However, it could be 
expected that this model would be less effective when the cations showed similar size 

as Si4+ because the increasing bonding of Si-O resulted in nonrandom mixing. 

 Toop and Samis [4, 5] followed the definitions on different forms of oxygen in silicates, 
proposed by Fincham and Richardson, viz. singly bonded O-, doubly bonded O0, and 
free oxygen ions O2-, and then correlated polymerization in slags with equilibrium 
constant involving three types of oxygen in silicates. The fundamental reaction can be 
expressed as Eqn. (2-1), which is a result of the charge balance required by the 
tetrahedral coordination of oxygen with silicon, and when any silicate anions associate 
to form higher polymers plus oxygen ions. Table 2.1 summarizes the values for various 

binary silicate systems proposed by these authors. 

  
2 02O = O O                                                     (2-1) 

   

2 0

& 2

[O ][O ]

[O ]T SK



                                               (2-2) 
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Table 2.1 Suggested equilibrium constant values for various binary silicates [5] 

system K T/K 

Cu2O-SiO2 0.35 1373 
FeO-SiO2 0.17 1873 
ZnO-SiO2 0.06 1573 
PbO-SiO2 0.04 1373 
CaO-SiO2 0.0017 1873 

 Masson and his group had made great contribution to this field [6, 7]. They extended 
the conventional polymer theory for the polymerization of silicate ions and treated 
silicates as a simple chain unit and branched chain unit. Masson’s polymer model can 
directly give information on the silicate anion species and their concentration 
dependence from thermodynamic data although there are problems of 
oversimplifications such as neglect of ring type anions in the model and limited 
coverage of the acidic region. For the easiest case, the equilibrium constant K11 is 
referred to the reaction in which two SiO4

4- polymerized. The suggested K11 values for 

some binary silicates were listed in Table 2.2. 

 3 1 3 4

2( 1) 4 2( 2)
4 1Si O +SiO = Si On n

n n
n n 

    
  (Chain model)                           (2-3) 

 3 1 3 4

2( 1) 4 2( 2) 2
4 1Si O +SiO = Si O On n

n n
n n 

     
   (Branched chain model)               (2-4) 

Table 2.2 Suggested equilibrium constant values K11 for various binary silicates [7]
 

System K11 T/K 

MgO-SiO2 0.01 2173 
FeO-SiO2 0.7 1573 
FeO-SiO2 1.0 1873 
MnO-SiO2 0.25 1773 
PbO-SiO2 0.196 1273 
CaO-SiO2 0.0016 1873 

 Kapoor and Frohberg [8] described the structure of silica melts by symmetric and 
asymmetric cells composed of one oxygen ion surrounded by two equal or two different 
cations, which has been widely used under the name as “IRSID model”. Later, Gaye 

and Welfringer [9] extended this model to multicomponent systems.  

 Hillert and coworkers [10] developed the two-sublattice model for ionic solutions, in 
which one sub-lattice is occupied by cations and the other one by anions and neutral 
species. However, one may encounter difficulties in choosing the suitable species in 

both the two-sublattice.  
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2- 4 2 0

4 3 2[M ] [O , SiO ,SiO ,SiO ]P Q
  

 

 Pelton and Blander [11] use a system of semi-empirical equations based on the well 
known quasichemical model to describe the silicate systems. They assumed 
orthosilicate as the maximum ordered, and were able to describe a number of ternary 

silicate systems using solely the information from binary systems. 
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3 ESTIMATIONS OF THERMOPHYSICAL PROPERTIES OF 
MOLTEN SLAG 

The assumption of geometrical model is that the property of a ternary system can be expressed 
by a combination of three corresponding binary properties with a probability weight. As a 
result, one may calculate the properties of any ternary system from a knowledge of the 

corresponding properties for the binaries. 

3.1 Geometrical models 

A review of the primary geometrical models [12-19] is presented briefly. Each geometric 

model has its own special binary point assignment, as shown in Figure 3.1. 
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Figure 3.1 Schematic graphs for traditional geometrical models 

The corresponding calculation formulae for the different models are as following: 

Kohler model[12]: 

 

2 2 2 31 2
1 2 12 2 3 23 3 1 31

1 2 2 3 3 1

( ) ( ) ( ) ( ) ( ) ( )E E E E xx x
G x x G x x G x x G

x x x x x x
     

             (3-1) 

Jacob-Muggianu model[13,14]: 

  (a) Kohler            (b) Jacob-Muggianu            (c) Luck-Chou 

   (d) Toop                 (e) Hillert             (f) New general solution 
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2 3 2 31 2 1 2
12 23

1 2 1 2 2 3 2 3

4 14 1
( ) ( )

(1 )(1 ) 2 (1 )(1 ) 2
E E Ex x x xx x x x

G G G
x x x x x x x x

  
 

       

3 1 3 1
31

3 1 3 1

4 1
( )

(1 )(1 ) 2
Ex x x x

G
x x x x

 


   
                                    (3-2) 

Toop mde[15]:  

 

2 32 2
12 1 2 3 23 31 1

1 2 3 1

( ) ( ) ( ) ( )
1 1

E E E Exx x
G G x x x G G x

x x x x
   

                          (3-3) 

Hillert Model[16]: 

 

2 3 2 3 32
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1 2 3 2 3 1

4 1
( ) ( ) ( )

1 (1 )(1 ) 2 1
E E E Ex x x x xx

G G x G G x
x x x x x x

 
  

                (3-4) 

Luck-Chou Model[17,18]: 

 

32 1
12 1 23 2 31 3

1 2 3

( ) ( ) ( )
1 1 1

E E E Exx x
G G x G x G x

x x x
  

                                (3-5) 

New general solution model[19]: 
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                                (3-6) 

where ij is calculated from Eqn. (3-7) 

 

1

0
1 1

0 0

( )

( ) ( )

E E
ij ik i

ij
E E E E
ij ik i ji jk j

G G dX

G G dX G G dX


  


      


                                (3-7) 

where xi represents the composition of component i in ternary system, Xi refers to the 

corresponding composition of component i in binary system, ij
EG  and EG  the excess Gibbs 

energy of i-j binary and ternary, respectively. 

3.2 Mass triangle model description 

 Mass triangle model [20-22] has been described in detail in Supplements 1-3. Only a brief 
outline of the model is presented here in order to provide a landmark for the readers before the 
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model is applied to calculate the various thermophysical properties of molten slag systems.  

 As mentioned previously, the basic idea of geometrical model is to obtain the ternary 
system information from binary systems. Mass triangle model also belongs to this group. 
Consider a ternary system 1-2-3 with miscible gap inside. As shown in Figure 3.2, there are 

two cases where the miscible gap appeared which may or may not interact with binary systems.  

                              
Figure 3.2 Schematic graph of ternary system with a miscible gap 

Instead of using the binary boundaries, the property of a ternary point in homogenous area is 
expressed as the combination of three boundary points and their weight probability. It should 
be noted that the weight probability of each boundary point is designed by the ratio of two 
triangle areas. However, the assignments of three boundary points are not restricted, here, and 

Chou’s selecting way is chosen for example. 

  ' ' ' ' ' '
' ' '

' ' ' ' ' ' ' ' '

OB C A OC A B O
O A B C

A B C A B C A B C

S S S
P P P P

S S S
  

  

                                     (3-8) 

where Pi, Sijk refer to the property of point i and area of triangle ijk, respectively. The area of 
each triangle is easily computed from the determinate compositions of three points like 
Equation (3-9). It means that we may perform the calculation based on the limited 

experimental data. 
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                                         (3-9) 

It is necessary to note that the whole area must be homogenous. Therefore, a program has been 
developed in present work, and various thermophysical properties of molten slags have been 

investigated.  
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3.3 Applications in limited solubility area 

3.3.1 Surface Tension 

In the case of evaluating surface tension, CaO-MnO-SiO2 system (1823K) has been selected in 
order to demonstrate the validity of the mass triangle model. As shown in Figure 3.3, the 
predictions of surface tension are plotted, along with the experimental data points [23]. In order 
to validate the prediction of surface tension contour by mass triangle model, the surface tension 
of eight samples which have the same compositions as the experimental data within this area 
are compared with the measured values shown in Table 3.1. Both results show good agreement 

with each other. 

Figure 3.3 Surface tension (mN·m-1) of CaO-MnO-SiO2 at 1773K 

Table 3.1 Comparison of surface tension of CaO-MnO-SiO2 at 1773K 

xSiO2 
xMnO/ 

(xMnO+xCaO) 
Exp. values [23] 

(mN·m-1) 
Cal. values 

0.3 

0.79 482 452 
0.64 476 463 
0.36 455 473 
0.5 469 482 

0.4 

0.42 457 443 
0.58 470 455 
0.75 478 465 
0.25 445 476 
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3.3.2 Density 

With regard to density, the iso-density curves of BaO-FeO-Fe2O3 have been predicted at three 
different temperatures. For similarity, only the case at 1673K has been indicated here in Figure 
3.4. Based on the limited information from experiment [24], the tendency of density of 
BaO-FeO-Fe2O3 has been reported. There are also three compositions inside for validation. The 

error analysis is presented in Table 3.2. 
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Figure 3.4 Density (g/cm3) of BaO-FeO-Fe2O3 at 1673K 

 

Table 3.2 Comparison of calculation density with experimental values [24] at 1673-1873K 

Composition 
(Mass fraction) 

Density (g/cm3) 

1673K 1773K 1873K 

BaO FeO Fe2O3 Exp. Cal. Err.% Exp. Cal. Err.% Exp. Cal. Err.% 

0.408 0.174 0.418 4.487 4.468 -0.43 4.460 4.492 0.72 4.434 4.440 0.13 

0.405 0.107 0.487 4.464 4.433 -0.71 4.446 4.450 0.10 4.430 4.412 -0.40 

0.306 0.149 0.546 4.438 4.413 -0.56 4.421 4.432 0.25 4.399 4.388 -0.25 

 

3.3.3 Viscosity  

The iso-viscosity of RExOy-CaF2-SiO2 has been calculated in the CaF2 rich region at 1873K as 
shown in Figure 3.5. The viscosity of this system is strongly dependent on the composition of 
SiO2. High content of silicate leads to polymerization which would result in increase in 
viscosity. In the Figure 3.5, the curves represented the calculation viscosity, and the points refer 

to the literature data [25]. 
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Figure 3.5 Viscosity (Pa·s) of RExOy-CaF2-SiO2 at 1873K 
 

3.3.4 Electrical Conductivity 

The measurements on the electrical conductivity of CaO-MgO-SiO2 have been carried out by 
Kawahara and coworkers [26] in 1978, and Licko and coworkers in 1983 [27]. The data from 
different sources exhibit a very good consistency. In order to verify the accuracy of this new 
method, the electrical conductivity curves of CaO-MgO-SiO2 ternary system at 1823K are 
calculated using the above approach and presented in Figure 3.6, along with the contours 
reported in literature [26]. As shown in Figure 3.6, the electrical conductivity of 
CaO-MgO-SiO2 depends largely on the amount of silicate. And the contribution of CaO to the 
eletcrical conductivity of slags is similar to that of MgO. At high content of silicate, the 

electrical conductivity of CaO-MgO-SiO2 increases slightly with increasing MgO content.  

3.3.5 Sulphide Capacity   

The concept of sulphide capacity (Cs) is frequently used to describe the solubility of sulphur in 
the slag at low partial pressures of oxygen. The slag with a high Cs will hold sulphur more 
strongly than the one with low Cs. The sulphide capacity of CaO-MgO-SiO2 at 1873K has been 
evaluated and shown in Figure 3.7, along with the experimental data [28]. It can be found that 

the sulphide capacity will increase with the decrease of content of SiO2.  
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Figure 3.6 Electrical conductivity (S/cm) of CaO-MgO-SiO2 at 1823K  
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Figure 3.7 Sulphide capacity of CaO-MgO-SiO2 at 1873K 

3.4 Applications in homogenous ternary system 

In view of successful applications of geometrical models in limited solubility area, an attempt 

has been made to extend this model to a homogenous ternary to see its validity.  

Surface tension for molten Ni3S2-FeS-Cu2S mattes has been measured along pseudo-binary 
lines at 1473K by Kucharski et al. [29] using maximum bubble pressure method. Among the 
experimental data available in literature, the above data has been considered as most reliable in 
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an assessment carried out by the present author earlier. By utilizing the binary data reported in 
their work, six traditional geometrical models as well as the mass triangle model have been 
applied to estimate the surface tension of Ni3S2-FeS-Cu2S system at 1473K. From the 
experimental data, excess surface tensions of three binary systems are first fitted by 
Redlich-Kister polynomial equation. The details of the assessment can be found in Supplement 
1. In order to compare the accuracy of calculation for different models, the mean square root 
error is adopted for nine pseudo-binary compositions. The detailed results of geometric models 

are listed in Figure 3.8 and Table 3.3. 
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Figure 3.8 Calculated iso-surface tension curves in molten Ni3S2-FeS-Cu2S system at 1473K 
by traditional geometry models (a) Kohler model; (b) mass triangle model with Kohler point 
assignment 
 

Table 3.3 Surface tension of Ni3S2-FeS-Cu2S system at 1473K calculated by six geometrical 
models 

Mole fraction Exp. 
data 

(N/m) 

Geometric models’ results 

Ni3S2 FeS Cu2S Chou Muggianu Kohler Toop Hillert 
New general 

solution 

0.2 0.16 0.64 0.385 0.373 0.373 0.373 0.373 0.373 0.372 
0.5 0.1 0.4 0.398 0.393 0.392 0.387 0.385 0.388 0.396 
0.8 0.04 0.16 0.424 0.422 0.421 0.418 0.418 0.42 0.423 
0.2 0.4 0.4 0.366 0.36 0.357 0.357 0.352 0.352 0.356 
0.5 0.25 0.25 0.409 0.39 0.386 0.382 0.377 0.378 0.392 
0.8 0.1 0.1 0.433 0.427 0.425 0.421 0.421 0.423 0.429 
0.2 0.64 0.16 0.357 0.356 0.351 0.349 0.344 0.345 0.350 
0.5 0.4 0.1 0.409 0.395 0.392 0.388 0.385 0.385 0.396 

0.8 0.16 0.04 0.443 0.435 0.425 0.421 0.421 0.423 0.429 

Mean square root 
error(± % ) 

2.5 2.42 3.38 4.07 4.66 4.42 2.80 

 
 

(a) (b) 
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A comparison of the accuracies of the predictions between the mass triangle model and other 
geometric models reveals that the former is better than others, irrespective of the selection of 
the binary points. Moreover, if the experimental error 2.5% [29] is taken as a criterion, it is safe 
to conclude that mass triangle model presents more satisfactory results than the other 
traditional geometrical models since the deviations of the traditional geometrical model exceed 

the experimental error while the mass triangle model is almost within it.  

Table 3.4 Surface tension of Ni3S2-FeS-Cu2S system at 1473K calculated by mass triangle 
model with different point-selection methods 

Mole fraction Exp. data 
(N/m) 

Mass triangle model’s results 

Ni3S2 FeS Cu2S Chou Muggianu Kohler Toop Hillert 

0.2 0.16 0.64 0.385 0.381 0.38 0.383 0.374 0.374 
0.5 0.1 0.4 0.398 0.404 0.4 0.406 0.392 0.392 
0.8 0.04 0.16 0.424 0.429 0.429 0.442 0.425 0.425 
0.2 0.4 0.4 0.366 0.369 0.362 0.364 0.355 0.355 
0.5 0.25 0.25 0.409 0.403 0.397 0.396 0.385 0.385 
0.8 0.1 0.1 0.433 0.437 0.438 0.442 0.434 0.434 
0.2 0.64 0.16 0.357 0.358 0.351 0.35 0.352 0.352 
0.5 0.4 0.1 0.409 0.403 0.399 0.395 0.394 0.394 

0.8 0.16 0.04 0.443 0.444 0.445 0.448 0.448 0.448 

Mean square root error (± % ) 2.5 1.09 1.61 2.45 2.80 2.80 

 

3.5 Discussions and Summary 

A common characteristic of the mass triangle models is that when the ternary point O is closer 
to a boundary point, the property tends to the boundary value simultaneously. This is also the 
same for other geometrical models, in other words, all models give similar values in the binary 

boundaries. 

The major difference between the mass triangle model and the traditional geometrical models 
is attributed to the differences in the definition of weight probability. For traditional geometric 

models, the weight probability is expressed as  

  ( ) ( )

i j
ij

i ij j ij

x x
W

X X


                                                  (3-10) 

where xi, xj represent the composition of point O in ternary system, and Xi(ij), Xj(ij) are the 
corresponding compositions of components in the binary system. For mass triangle model, the 

probability weight is defined as  

  

ojk
i

ijk

S
W

S





                                                       (3-11) 

which represents the ratio of two triangle areas. When different methods of binary 
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point-assignment are used for the mass triangle model, the corresponding formulae will be 
changed into different forms as shown in Table 3.5. For the calculation of mass triangle model, 
if the point-assignment adopts asymmetrical method, for example Toop assignment or Hillert 
assignment, the weight probability for point A and C in two methods should be the same since 
the triangle OCA would disappear. In other words, property of point O only depends on binary 
1-2 and 1-3, the area ratio of weight probability in mass triangle model has became the length 

ratio of lines.   

Table 3.5 Varied formulae of weight probability in mass triangle model 

Binary points 
selection 

Wij in geometric model Wij in mass triangle model 

Kohler 
2

( ) ( )i ij i jW x x   ( ) ( )/2M
i ij i jW x x   

Muggianu ( ) 4 /(1 )/(1 )i ij i j i j i jW x x x x x x      / 

Luck-Chou ( ) /( )i ij i j i j j kW x x x x x x   ( ) /( )M
i ij i j i j j k k iW x x x x x x x x    

Toop 
2

/( )
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i k j j k

j j k

W W x x x

W x x
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M M
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Furthermore, it can be found that the weight probability used by mass triangle method is a 

normalized probability, namely, 

  
1  A B CW W W

                                                  (3-12) 

while, in the case of the traditional geometrical methods, it is a non-normalized probability. 
Generally, the total weight probabilities for all traditional geometric models are higher than that 
of mass triangle models when the same binary assignment points are adopted except for the 
Kohler model. It is expected therefore that the calculated results based on the mass triangle 
model should be smaller than those from the traditional geometrical models with respect to 

excess surface tension.       

From the applications mentioned above, it can be found that this method is an efficient tool for 
computing various thermophysical and thermochemical properties, which are relevant to slag 
compositions. Due to the information carried by the boundary, the relationship between 
compositions and each specific property is defined. Thus, mass triangle model has a wide 
applicable capacity. If the validity of the model can be proved in the case of homogenous 
ternaries besides the present Ni3S2-FeS-Cu2S system, mass triangle model would be a uniform 
model to perform the estimations in both limited and unlimited solubility area. This needs 

further work.  
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4 OXIDATION STATES OF CHROMIUM IN SLAG PHASE  

4.1 Previous work 

In 1968, Frohberg and Richter [30] equilibrated CaO-SiO2-CrOx melts held in platinum 
capsules at oxygen pressures ranging from 10-1 to 10-4 Pa at 1873K and 1923K. These authors 
found that the ratio Cr2+/Cr3+ in these slags increased with increasing temperature and 
decreasing oxygen potential and slag basicity. Similar conclusion was drawn by Schreiber and 
Haskin [31]. They studied the valence states of Cr for various compositions in the 
Mg2SiO4-CaMgSi2O6-SiO2 and MgSiO4-CaAlSi2O8-CaMgSi2O6 systems under a variety of 
experimental conditions. But the effect of melt chemistry was not discussed in their study. 
Rankin and Biswas [32] carried out the equilibration of CaO-SiO2-Al2O3-FeO-CrOx melts with 
Fe-Cr-Si alloys at 1873K and observed that the average composition of chromium oxides in the 
slags was CrO1.07. In 1990s, serious efforts have been made by Muan and coworkers [33, 34] 
not only to interpret liquidus temperatures in CaO-CrO-CrO1.5-SiO2, but also to describe the 
activity- composition relationships of chromium oxides in slags. Their experimental work was 
performed under a strong reduction atmosphere where the chromium containing melts were 
equilibrated with metallic chromium and H2-CO2 gas mixture. From their observation, Cr (II) 
was found to be the predominate oxidation state compared to Cr(III) when the oxygen potential 
was maintained lower than 10-4 Pa, and basicity (%CaO/%SiO2) was lower than 1.5. Other 
important contributions to basic thermodynamic study were made by Morita and Sano [35], 
Xiao and Holappa [36] as well as Pei and Wijk [37]. Morita and Sano [35] investigated the 
solubility of MgO·Cr2O3 in CaO-MgO-Al2O3-SiO2 slags and measured the activities of 
chromium oxide in CaO-SiO2-CrOx system by equilibrating the slag with Ni-Cr alloy at 1873K. 
Xiao and Holappa [36] employed an electromotive force method (EMF) to determine activity 
of chromium oxide in CaO-(MgO)-(Al2O3)-SiO2-CrOx system which was equilibrated with 
metallic chromium at 1873K. Pei and Wijk [37] obtained the activity of chromium oxide in 
CaO-MgOsat-Al2O3-SiO2-CrOx slag by equilibrating the slag with Ni-Cr alloy at 1873 and 
1923K with H2/H2O. Geologists showed a great interest on this topic as exemplified by the 
contribution of Berry and coworkers [38, 39] who investigated the composition effect on the 
oxidation state of chromium in silicate melts by X-ray absorption near edge spectra (XANES) 

technique.  

However, there have been large discrepancies in the earlier reports regarding the valence state 
of chromium in the slag melts. Some values showed a tendency of increase of the divalent 
chromium in the slag with increasing basicity, which was different to the results of the earlier 
study. An important factor to be considered is the experimental technique used. Most of the 
authors have equilibrated the slag samples under well-controlled experimental conditions. The 
quenched slags were chemically analyzed for the different valence states. It is known that the 
ease of oxidation of Cr2+ to Cr3+ in aqueous solutions is a serious problem unless extreme care 
is taken to protect the system. It is suspected that this could be a serious source of error and 
lead to lower values of the ratio of Cr2+/Cr3+. In view of this, it is proposed to re-determine the 
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relationship between the ratio of Cr2+ to Cr3+ with respect to temperature, oxygen partial 

pressure as well as the slag chemistry 

4.2 Experimental 

4.2.1 Mass spectrometry method  

4.2.1.1 Principle  

A schematic diagram of a mass spectrometric experiment is presented in Figure 4.1. Using 
such an instrument, the conventional information of the Knudsen methods i.e. the vaporization 
rate of the substance as a function of temperature, as well as the ion mass number and specific 
for mass spectrometry were recorded by the value of the ion current resulting from ionizing of 
the corresponding i-component of the gas phase(Iij) yielding a j-ion. The reactions with respect 
to pure Cr2O3 occurring that would lead to the formation of the vapor species Cr, CrO and 

CrO2 are  

 Cr2O3 (s) = 2Cr (g) +3O (g)                                              (4-1) 

 Cr2O3 (s) = 2CrO (g) +O (g)                                              (4-2) 

 Cr2O3 (s) = CrO2 (g) +CrO (g)                                            (4-3) 

As well known, the ion current intensities in mass spectra of vapor (Ii
+) that are recorded in the 

Knudsen effusion mass spectrometric experiments are directly proportional to the partial 

pressures of vapor species: 

 
TkIp ii

 .                                      (4-4) 

The partial pressures of vapor species over samples under study were found by the ion current 

comparison method: 

 1122

22112
1 


TI

TIp
p  ,                                    (4-5)  

where indices 1 and 2 refer to the sample and the standard, respectively; i is the ionization 

cross section of molecule that was taken from the atomic cross-section values according to the 

additivity rule; i is sensitivity coefficient of a secondary electron multiplier. In the present 

investigation, the partial pressure of gold was used as the standard to calibrate the whole 
apparatus. The temperature dependence of p(Au) was presented according to the following 

equation in accordance with the data reported in literature [40]: 

 log p (Au, Pa) = - 18013/T + 10.8772.                               (4-6) 
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Figure 4.1 Schematic diagram of the high-temperature mass spectrometric experiment.1- 
device for cell positioning; 2-effusion cell; 3-thermal screens; 4-diaphragm; 5-shutter; 

6-ionization cell; 7- ion optical lenses; 8-magnetic mass analyzer; 9- ion detector [41] 

4.2.1.2 Sample preparation  

10 samples of CaO-MgO-FeO-Al2O3-SiO2-CrOx slags were prepared based on the relevancy to 
the high alloy steel producers in Sweden. Table 4.1 presents the compositions of slags 
investigated (weighed-in amounts). SiO2, Cr2O3 and Fe2O3 powders were dried at 393 K 
overnight. CaO, MgO and Al2O3 powders were heated to 1223 K for 12 hours in a muffle 
furnace to decompose any carbonate or hydroxide before use. FenO was synthesized from the 
mixture of iron and Fe2O3 powders in required proportions. The mixture had a total content of 
51 mole % oxygen, at which composition liquid oxide “FeO” formed would be in equilibrium 
with β-Fe at 1673K. XRD analysis of the FenO samples thus produced showed that the sample 
was wüstite [42] and there was no remnant Fe or Fe2O3. The lattice parameter values evaluated 
from XRD measurements agreed well with PDF card (#06-0615). The FenO was then mixed 
with other oxides thoroughly in an agate mortar. The powder mixtures were pressed into disks 
and sintered at 1423K for 10 days. To protect the slags from oxidation, the sintering of the 
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samples were carried out in argon atmosphere, which was cleaned sufficiently so that the 
oxygen partial pressure would be close to that corresponding to the Fe-FenO phase boundary at 

the sintering temperature.  

Table 4.1 Compositions of the slags under investigation in the present study 

slag 
sample 

Mole fractions of oxides in slag composition 

CaO MgO FenO Al2O3 SiO2 Cr2O3 

1 0.538 0.055 0.072 0.009 0.159 0.168 
2 0.540 0.105 0.045 0.009 0.152 0.149 
3 0.617 0.057 0.049 0.013 0.153 0.111 
4 0.583 0.124 0.045 0.011 0.157 0.080 
5 0.578 0.135 0.045 0.012 0.153 0.078 
6 0.592 0.126 0.051 0.011 0.144 0.076 
7 0.577 0.125 0.061 0.011 0.141 0.086 
8 0.519 0.162 0.044 0.009 0.133 0.132 
9 0.625 0.082 0.050 0.010 0.137 0.097 

10 0.552 0.149 0.063 0.010 0.135 0.091 

 

4.2.1.3 Vaporization process 

The samples were evaporated from two tungsten effusion cells with the ratio between the 
effusion and evaporation areas being 1:100. One effusion cell was kept for the slag sample 
while the other was for the reference oxide. The two cells were placed in a tungsten block and 
heated by electron bombardment. Temperature was measured by an AOP-66 disappearing 
filament optical pyrometer. The whole apparatus was calibrated using the vapor pressure of 

gold, recommended by IUPAC.  

The temperature was increased gradually until CrO+ and CrO2
+ ions were detected in the mass 

spectrum of the vapor above the samples. It was also found that iron oxides underwent 
complete evaporation and could not be detected in the vapour phase when the species 
containing chromium evaporated. As well-known, the ion current intensities (Ii

+) in the mass 
spectra of a vapor recorded in measurements are directly proportional to the partial pressures of 

the vapor species. Thus, the partial pressures of CrO2 and CrO were calculated using equation: 

 

0
0 i
i

i
i p

I

I
p 

                                                           (4-7)   

where Ii, Ii
0, pi, pi

0 are the intensities of ion currents and the partial pressures of chromium 

oxides above the sample and the standard, respectively.  

4.2.2 CaO-SiO2-CrOx equilibrium with Ar-CO-CO2 

CaO-SiO2-CrOx samples with targeted compositions were kept in Pt crucibles and were 
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equilibrated with Ar-CO-CO2 gas mixture at the required temperature. The measurements were 

carried out in the temperature range of 1823-1923K.  

4.2.2.1 Principle 

With the attainment of equilibrium, the equilibration reactions for chromium oxide in slag 
melts with the Pt-Cr alloy (due to the dissolution of Cr formed by the reduction of chromium 
oxide from the slag into the Pt crucible) at certain oxygen partial pressure can be written as 

follows                                              

 [Cr]Pt + 0.5O2 = (CrO) (slag)                                               (4-8)
                                                                                

 [Cr]Pt + 0. 75O2 = (CrO1.5) (slag)                                            (4-9) 

4.2.2.2 Materials and procedures  

The following materials were used for preparation of slag samples, CaO (heated at 1273 K for 
12h), SiO2 (dried at 1173 K for 6h) and Cr2O3 (dried at 1073 K for 6h). Fine powders of the 
three oxides were carefully weighed and mixed together in an agate mortar. Table 4.2 shows 
the starting compositions for each sample. The mixtures were then pressed into pellets 
(diameter = 10mm).  Platinum foil (Purity of 99.99%) with a thickness of 0.127mm was used 

to make crucibles. 

Table 4.2 Compositions of the starting mixtures 

No. 
Composition (wt %) 

CaO SiO2 Cr2O3 

A 51 44 5 
B 38 54 8 
C 30 60 10 
D 45 45 10 

 
In order to obtain the targeted oxygen potential, gas mixtures of Ar-CO-CO2 were employed in 
the present work. The gas equilibrium values were calculated using ThermoCalc with the 
database of SSUB3.  

4.2.2.3 Gas cleaning system 

In view of the extremely low oxygen partial pressures interested, it is necessary to purify the 
gases before mixing and introducing to the reaction tube. The gas cleaning train employed in 
the present work is shown in Figure 4.2. Columns of silica gel, magnesium percholorate and 
ascarite were used to remove the moisture and carbon dioxide in the gases. Columns of copper 
turnings and magnesium chips were used at 773K, 673K respectively to remove residual O2. 
With the help of mass flow meters from Bronkhorst High-Tech Flow-bus E600, the flow rates 
of the various gases were well-controlled, and the gases were mixed in a gas-mixture chamber 
before being introduced into the reaction tube. A narrow gas inlet tube led the gases directly 
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into the reaction zone above the pre-melted slag samples. This precaution was taken with a 
view to have a high linear gas velocity avoiding the thermal segregation of the gases during the 

equilibration with slags. 
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Figure 4.2 Schematic graph of gas cleaning system 0- flowmeter; 1- silica gel;  
2-magnesium percholorate; 3- ascarite; 4-copper turnings; 5-magnesium chips 

 

4.2.2.4 Apparatus 

Figure 4.3 shows the schematic arrangement of the furnace. It was equipped with MoSi2 

heating elements. The furnace was controlled by a Eurotherm PID controller equipped with 

PtRh30%/PtRh6% thermocouple as the sensor. The temperature deviation at the even 

temperature zone of the furnace that extended to about 80 mm at the center of the reaction tube 

was found to be less than ±3K. The Pt crucibles containing the samples were positioned inside 

an alumina holder. When the target temperature was reached, the alumina sample holder was 

pushed into the furnace and placed in the even-temperature zone. The gas mixture was 

delivered close to the sample by means of a narrow alumina tube in order to minimize the 

effect of any thermal segregation of the gases. After equilibrating, the samples were quenched 

by pulling them quickly to the cold end of the reaction tube with argon gas replacing the gas 

mixture. An ocular examination of the samples after the experiments revealed that the samples 

were completely molten and there was no evidence of undissolved particles. The colour of the 

solidified slags varied from blue to dark green, which might be due to chromium oxide existing 

in different valence states.  
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I B C D E F O

B - Thermocouple (30%Rh-Pt/6%Rh-Pt) C - Reaction tube
D - Alumina refractory E - Samples
F - Al2O3 boat I - Gas inlet O - Gas outlet

 

Figure 4.3 Schematic arrangement of furnace 

In the case of slag/gas equilibrium measurements, the equilibration time of 20h was sufficient 
for slag/gas/crucible equilibrium as validated in literature [34, 43]. In the present study, the 
duration time was set for 20h; furthermore the line scan analysis of the cross section of Pt 
crucible showed that the Cr distribution across the thickness of the Pt foil as presented in 
Figure 4.4 was uniform, confirming the attainment of equilibrium under the present 

experimental conditions. 

 

Figure 4.4 Line scan analysis of the cross section of Pt crucible 

4.2.2.5 Analysis method 

Wet chemical method was commonly used for analyzing the contents for different chromium 
species wherein, the slag samples were dissolved in acidic medium and subjected to re-dox 
titration. In view of the possible errors arising due to the oxidation of Cr2+ to Cr3+, this method 
was not resorted to in the present work. Instead, the samples were sent to Rutger University, 
USA for the valence state analysis of chromium in the slags by X-ray Absorption Near Edge 
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Structure (XANES) method. The absorption peaks of XANES spectra were determined by 
multiple scattering resonances of the photoelectrons excited at the atomic absorption site and 
scattered by neighboring atoms. The near-edge structure is characteristic of the environment 
and valence state. Hence, in the present study, Cr K-edge XANES spectra were recorded from 

5980 to 6050eV. 

4.3 Results and discussions 

4.3.1 Vaporization of CaO-SiO2-MgO-Al2O3-FeO-CrOx 

A typical vapor species recorded during vaporization is shown in Figure 4.5 It is worthwhile to 
give an account of the common features of the transition metal to the gaseous phase of the 

sample components. 

 In all the mass spectra of the vapour over the samples studied the Fe+ ion current was 
registered starting from temperatures about 1750 K indicating the starting of 

vaporization of iron oxide.  

 Transition of chromium oxide to the vapour phase was found to start at higher 
temperatures compared with the temperature of the FeO vaporization. Depending on 
chromium oxide concentration in the samples, the Cr+ ions were first registered in mass 
spectra of the vapour in the temperature range 1850-1900 K, while CrO2

+ and CrO+ 

were detected at 1900 K and higher. At these temperatures, irrespective of the rate of 
heating from room temperature to 1900 K, iron oxide was practically completely 

removed from the samples.  

 Silica, despite its high volatility (higher than that of chromium oxide) appeared in the 
vapour only at the temperatures about 2130 K. Supposedly, this might be a result of 
bonding of silica with thermally more stable calcium and aluminum silicates in 
condensed phase compared with individual SiO2 leading to a decrease in the activity of 

SiO2. 

 After complete vaporization of iron oxide from the samples, the concentration of 
chromium oxide in condensed phase was higher. Hence the composition of the slag 
samples was recalculated compensating for the loss of FeO. It is found that the change 
in the composition did not exceed 0.5-0.8 mole %. This had very little effect on the 
measured values since the Cr2O3 activities were determined with the accuracy of about 

10%. 

It can be seen that three kinds of chromium species, i.e. Cr, CrO and CrO2 were detected in the 
temperature range of 1950K-2050K and the ratio of the partial pressures p(CrO)/p(CrO2) in the 
gaseous phase over these samples was always much greater than that corresponding to pure 
chromium oxide at the constant temperature. According to the reactions mentioned in the 
previous section, the only possible source for CrO2 is Cr2O3, which is formed from Cr2O3 in 

accordance with reaction (4-3). 
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Under the extreme vacuum conditions prevailing in the experimental chamber leading to a 
large value of the mean free path for the various species in the vapor phase, no collisions of 
molecules in the flow or with the molecules of residual gas could be expected. Thus, no energy 
exchange and chemical transformation occurs in the flow of the vapor species as they travel to 
the ionization region of the ion source of the mass spectrometer. The occurrence of CrO2 
among the vapor species was attributed solely due to the double-decomposition of Cr2O3. 
Based on several measurements on pure Cr2O3, the ratio of the corresponding partial pressures 

of CrO2, CrO and Cr is roughly about 3:6:100 [12, 13] in a wide temperature range.  

In the case of the present slags, the partial pressure of CrO is attributed to two species in the 
condensed phase, viz. CrO1.5 and CrO; while the partial pressure of CrO2 is solely generated by 

CrO1.5 according to reaction (4-3). 

   )()(slag CrO,CrCrO gg
                                                

(4-10) 

 
  )(2)()(slag1.5 CrO,CrO,CrCrO ggg

                                       
(4-11)

 
In the present analysis, it is assumed that the vaporization capacity of CrO in slag is the same 
as that of CrO1.5 in forming the gaseous species of CrO and Cr, which could be considered 
reasonable under the high temperatures used in the measurements. The contributions of CrO 

and CrO1.5 to the partial pressure of CrO(g) reflected XCrO/XCrO1.5 ratio in the condense phase.  
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According to the ratio of the partial pressure of CrO2, CrO in pure Cr2O3, the part of the partial 

pressure of CrO contributed by Cr2O3 in condense phase can be obtained from reaction (4-3) as 

2pCrO2. Thus,  
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Figure 4.5 Partial pressures of molecular species above sample N 17 as functions of 
temperature and time of vaporization:  

1 – Fe, 2 – Cr, 3 – CrO×10, 4 – CrO2×10, 5 – SiO×10, 6 – Ca, 7 – Al×10. 

Due to the equilibrium between CrO2 and CrO, the partial pressure of oxygen is estimated 

according to the following reactions:  

 CrO2 = CrO + 0.5O2                                    (4-14) 
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Using the data available in the reference edition [44], it is possible to calculate the equilibrium 

constant of reaction (4-17) at the temperature 2000 K using equation: 

 RTlnKp = rH(T) TrS(T).                                (4-17) 

For reaction (4-14) Kp (2000) = 1.32×107 atm. From equation (4-16), using this equilibrium 

constant and the values of the CrO and CrO2 partial vapor pressures over slags obtained earlier 
by mass spectrometric method, the oxygen partial pressures were calculated over slags at 2000 

K and presented also in Table 4.3. 
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Table 4.3 The oxygen partial vapor pressures (Pa) over slags studied at the temperature 2000 K 

calculated according to the procedure described. 

No. 
P(i), Pa 

CrO CrO2 O2 

1 3.1×10-2 6.4×10-3 2.8×10-3 
2 1.9×10-2 2.0×10-3 1.4×10-3 
3 1.3×10-2 1.4×10-3 1.4×10-3 
4 2.9×10-2 5.5×10-3 2.5×10-3 
5 1.6×10-2 1.4×10-3 1.2×10-3 
6 1.9×10-2 4.7×10-3 3.3×10-3 
7 3.5×10-2 9.3×10-3 3.6×10-3 
8 4.9×10-2 8.6×10-3 2.4×10-3 
9 2.7×10-2 4.3×10-3 2.1×10-3 
10 3.2×10-2 4.5×10-3 1.9×10-3 

 

4.3.2 XANES results 

In the case of XANES method, the main difference between the nominal Cr2+ and Cr3+ spectra 
is, as reported by Sutton et. al [45], the appearance of an intense shoulder on the Cr2+ 
absorption edge assigned as the 1s-4s transition. It is evident that there is a systematic trend in 
the edge energy and the intensity of the 1s-4s shoulder. This shoulder was also observed in the 

present study, as shown in Figure 4.6.  

 

Figure 4.6 XANES spectra of CaO-SiO2-CrOx in the present study 
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In order to quantify the contents of CrO and CrO1.5 in quenched samples of CaO-SiO2-CrOx, 
further analysis was made on the basis of XANES spectra. Two standard spectra regarding to 
the Cr (II) and Cr (III) were established according to the largest and lowest amount of Cr (II) in 
the present samples. Other measured XANES spectra can be fitted as a mixture of the standards 
(end members). The detailed information about the quantifying procedure had been discussed 
elsewhere [46]. The results were summarized in Table 4.4, along with the experimental 

conditions. 

Table 4.4 Experimental conditions and results in the present study 

No. 
Experimental condition 

XCrO/XCrO1.5 
T(K) PO2(Pa) Basicity

08D 1873 2.83×10-3 1.0 1.38 
10B 1873 1.79×10-4 0.7 5.25 
10C 1873 1.79×10-4 0.5 9.00 
12A 1873 2.83×10-5 1.16 1.56 
12D 1873 2.83×10-5 1.0 4.26 
21A 1823 6.63×10-5 1.16 1.50 
21B 1823 6.63×10-5 0.7 3.76 
21C 1823 6.63×10-5 0.5 4.26 
21D 1823 6.63×10-5 1.0 1.78 

4.3.3 Factors influencing chromium valence states 

It would be interesting to assess the data reported earlier in literature in the light of the present 
results. Considering the chromium valence reaction occurring in the slag phase, presented in 

eqn. (4-18) 

  (CrO) + 0.25O2 (g) = (CrO1.5)                                        (4-18) 

The equilibrium constant may be written as 

       2

1.5 1.5
1/4( )

CrO CrO

CrO CrO O

x
K

x p




 
                                              (4-19) 

where xi and γi are mole fraction and activity coefficient of chromium species respectively, and 
PO2 the partial pressure of oxygen. At equilibrium state, the distribution of CrO and CrO1.5 is 
dependent on the temperature, oxygen partial pressure as well as the slag compositions. The 
existence of Cr2+ is favored at higher temperature, lower oxygen partial pressure and lower 

basicity.  
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To the knowledge of the present author, the standard Gibbs energy of reaction (4-18) has not 
been reported so far. Therefore, an estimation was made according to the following reactions 
listed in Table 4.5. Since this was the only data available for CrO(l), it was adopted and 
extrapolated to lower temperatures. Thus, the standard Gibbs energy of reaction was estimated 

as -220852+59.85T (J/mol), which was used for the next assessment. 

Table 4.5 The standard Gibbs energy of formation CrO and CrO1.5 

Reaction Standard Gibbs energy Temp. range Ref. 

Cr(s)+0.5O2= (CrO)(melt) -79880+15.25T (cal) 1938K-2023K [47] 
Cr(s)+0.75O2= (CrO1.5)(s) -132665+29.555T(cal)  [48] 

 

Apart from the present results, it is of great importance to “filter” the previous data before 
developing the mathematical formula about the distribution of chromium in slag phase due to 
the large discrepancies in the literature. In order to compare all literature data together, effects 
of temperature and oxygen partial pressure were taken into consideration during assessment. 
The coefficient for temperature was derived from the standard Gibbs energy of reaction (4-18) 
based on [47, 48], expressed in eqn. (4-22). Thus, the coefficient of reciprocal temperature is 

set as 11532. 

  ln 220852 59.85G RT K T                                         (4-21) 

Thus, 
11532

log 3.125K
T

                                                 (4-22) 

Regarding the coefficient of oxygen partial pressure, the value 0.25 in eqn. (4-20) is fixed. This 
value is also in conformity with the experimental results as shown in the later part of this 

section.

 
On the basis of the above theoretical analysis, the data in the literature were reproduced and 
presented in Figure 4.7, as a function of basicity (=(%CaO+%MgO) /(%Al2O3+%SiO2)). The 
y-axis in this figure is (log10(XCrO/XCrO1.5)+0.25log10pO2+11534/T-3.125), wherein the 
coefficient “11534” for the temperature term was taken from equation (4-22) and the 
coefficient 0.25 for log10PO2 was taken from equation (4-20). The choice of this parameter for 
the y-axis was made with a view to separate the effects of temperature and oxygen partial 
pressure from log10(XCrO/XCrO1.5) so that the impact of slag basicity on the (XCrO/XCrO1.5) can be 
focused upon in Figure 4.7. In this figure, the results of Muan and coworkers[34], Berry and 
coworkers[39] as well as the values from Frohberg and Richter[30] show good agreement with 
each other. However, the rest of values show relatively large scatter. Some values indicate that 
the ratio XCrO/XCrO1.5 shows a tendency to increase with increasing of basicity which would not 
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be expected in analogy with the Fe2+/Fe3+ ratio in slags. Lower ratios of XCrO/XCrO1.5 may be 
attributed to higher amounts of CrO1.5, which can be indicative that the oxidation of Cr (II) 
occurred during chemical analysis. Thus further discussions and the mathematical formulations 
are based only on the present results and the values from Frohberg and Richter [30], Muan and 

coworkers [34] as well as Berry and O’Neill [39]. 

 

Figure 4.7 Literature values of XCrO/XCrO1.5 replotted as function of basicity 

4.3.3.1 Effect of oxygen partial pressure prevailing in the system 

It is expected that higher oxygen partial pressures prevailing in the system would favour the 
formation of Cr (III). In the present work, this trend could be confirmed. The correlation 
between the XCrO/XCrO1.5 ratio and the oxygen partial pressure in the system is presented in 
Figure 4.8. It can be seen that the ratio decreases linearly with increasing oxygen partial 
pressure and the slope of the line in Figure 4.8 is 0.25, which is the same as the coefficient of 

log PO2 in Eqn. (4-20) in spite of the scattered data. 
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Figure 4.8 Effect of the oxygen partial pressure on log10XCrO/XCrO1.5 (B=(%CaO+%MgO)/ 
(%Al2O3+%SiO2)) 

4.3.3.2 Effect of temperature 

The log10XCrO/XCrO1.5 is plotted as a function of reciprocal temperature at various basicities and 
oxygen partial pressures in Figure 4.9. The temperature effect was systematically measured by 
Frohberg and Richter [30]. It is seen that the ratio XCrO/XCrO1.5 increases with increasing 
temperature. The slopes of the lines are quite similar in most of the cases except at very low 
oxygen partial pressures. This trend was confirmed by the different measurements at the 

similar basicity conditions, as shown in Figure 4.9. 

 

Figure 4.9 Effect of temperature on log10XCrO/XCrO1.5(B= (%CaO+%MgO) / (%Al2O3+%SiO2)) 
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While entropy in the system can be considered to destabilize the chromate species (that could 
be considered to exist in the system at high basicities) with increasing temperature, thereby 
causing an increase in the ratio of XCrO/XCrO1.5 at higher temperatures, this effect may not be 
very significant at low oxygen pressures as the amount of Cr (III) would have already reached 

a minimum value. 

4.3.3.3 Effect of basicity 

On the basis of the above analysis, the effect of basicity defined as B= (%CaO+%MgO) 
/(%Al2O3+%SiO2) on the XCrO/XCrO1.5 ratio was plotted in the present work based on the 
present results as well as those reported by Muan and coworkers[34],  Berry and coworkers  

[39] as well as Frohberg and Richter[30] in Figure 4.10.  

 

Figure 4.10 Effect of basicity on log10XCrO/XCrO1.5 

It is seen that the log10XCrO/XCrO1.5 indicates an initial decrease at low basicities tending 
towards a decrease in slope gradually around basicity 1.2. This ratio seems to be constant 
(despite the significant scatter) at very high basicities as shown by the Knudsen cell-mass 
spectrometric results at 2000 K. If it is assumed that Cr3+ is stabilized at high basicities by the 
existence of micro entities of chromate ion, [Cr2O4]

2-, (as for example, CaCr2O4), then, at 
extremely high basicities, the constancy of the ratio may be attributed to the attainment of 
saturation limits of the anionic chromium species in the melt. If this is the case, increasing 

basicities would not lead to further stabilization of Cr3+ in the melt.  

4.3.4 Variation of log10XCrO/XCrO1.5 ratio in slags   

Based on the present results and the selected literature data, a correlation between ratio of 
log10XCrO/XCrO1.5 and three factors, viz. temperature, oxygen partial pressure and basicity was 

arrived at. This correlation equation is presented in (4-23).  
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where T is temperature in K, PO2 is oxygen partial pressure in Pa and B refers to basicty 
defined as (%CaO+%MgO)/(%Al2O3+%SiO2). The correlation is compared with the 
experimental results from the present as well as earlier works in Figure 4.11. It is seen that the 

correlation is satisfactory.  

 

Figure 4.11 Comparisons between experimental and estimated XCrO/XCrO1.5 

Equation (4-23) can be utilized in estimating the chromium oxidation level in slags in 
industrial practice. With a knowledge of basicity, oxygen partial pressure prevailing as well as 
temperature of the process, the extent of Cr (III) in the slag can be estimated. This information 

is considered to be useful in process control. 

4.4 Summary 

The distributions of CrO and CrO1.5 in the CaO-SiO2-CrOx and CaO-MgO-(FeO-) 
Al2O3-SiO2-CrOx slag systems were measured in the present study by gas-slag equilibrium 
method and by high-temperature Knudsen cell-mass spectrometry, respectively. The results 
indicate that ratio XCrO/XCrO1.5 increases with the increasing temperature, decreasing oxygen 
partial pressure and slag basicity. Combining the results obtained in present study and selected 
literature values, a mathematical expression of XCrO/XCrO1.5 ratio described as function of 
temperature, oxygen partial pressure and slag basicity was built up. The comparison between 

experimental valence ratio values and estimated ones presents a satisfactory agreement.  
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5 BEHAVIOR OF CrOx IN DESULPHURIZATION  

Desulphurization during stainless steel production is generally performed during reduction 
period in AOD converter after decarburization. Prior to this reduction period, as Ar-O2 mixture 
is blown into the melt for decarburization, a significant amount of chromium from the steel 
bath would enter the slag phase due to the inevitable oxidation of the same in view of its high 
oxygen affinity. It would be highly interesting to have an understanding of the impact of the 

presence of chromium oxide in the slag on the desulphurization process. 

Although a great amount of sulphide capacity measurements [2, 49-60] were carried out for a 
variety of slag systems in the last few decades, these were mainly focused on iron- and steel 
making slags. However, sulphide capacity of chromium oxides containing slag is rarely 
reported [61]. Thus, investigations on determination on sulphide capacity of CaO-SiO2-CrOx 

slag were carried out in this section. 

5.1 Theoretical consideration 

The principal equilibrium reaction of sulphur between gas and slag phases can be written as 

follows: 
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where K is an equilibrium constant. Since the activities of O2-, S2- cannot be determined in 
measurements, Fincham and Richardson [49] proposed sulphide capacity concept, as indicated 

in Eqn.(5-3), which is widely used to quantify the desulphurizing capacity of slags,  
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The value in the last term in Eqn. (5-3) can be indirectly obtained by the experimentally 
determined parameters like composition and partial pressures of oxygen and sulphur gas. In 
this case, the physo-chemical behavior of sulphur in slag obeys Henry’s law due to the small 
content dissolved, thus the sulphide capacity is only dependent on the slag compositions and 

temperature. 

The reaction between sulphur in the gas and the basic oxide in the slag, especially at silica 
contents higher than the orthosilicate compositions involves the polymerization of silicates in 
order to supply the oxygen ions necessary for reactions with sulphur [62]. Thus, the sulphide 
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capacity measurements are likely to be suitable indicators to the extent of polymerization of the 
silicates with silica contents higher than orthosilicates and the impact of the various basic 
oxides on the same. Thus, sulphide capacity measurements present an interesting path towards 

an understanding of the structure of slags. 

5.2 Experimental  

The slag/gas technique was employed in measurement of the sulphide capacities of 
chromium containing slags. The apparatus and procedures were similar to those used in the 
previous section apart from the difference in the gas mixture. In this study, CO, CO2, SO2 and 
Ar were introduced to the reaction tube with well-defined sulphur and oxygen potentials at the 
experimental temperatures as shown in Table 5.1. The partial pressures of oxygen and sulphur 
in the gas mixture at the experimental temperatures were also calculated by ThermoCalc using 
the database of SSUB3, in which 29 corresponding gaseous species were taken into 
consideration. The obtained gas potentials of PO2/PS2 were found to be in good agreement with 
the values estimated from FactSage as well. 

Table 5.1 The experimental condition for sulphide capacity measurements 

T/K 
Inlet gas ratio 

pO2/ Pa pS2/ Pa 
Ar CO CO2 SO2 

1823 0.35 0.4 0.2 0.05 4.08×10-3 1.42×103 
1873 0.35 0.4 0.2 0.05 9.80×10-3 1.23×103 
1873 0.475 0.45 0.05 0.025 9.88×10-4 1.03×103 
1923 0.3625 0.5 0.1 0.0375 4.90×10-3 1.38×103 

 
About 1g of slag sample was used in each experiment. In a typical turn, the furnace was 

heated to the desired temperature under argon gas at a flow rate of 150ml/min. The Al2O3 
holder with Pt crucibles containing the slag samples was pushed into the even-temperature 
zone, which was calibrated before the measurements. After thermal equilibrium was 
established by keeping the temperature constant for approximately 1h, the gas mixture 
CO-CO2-SO2 along with Ar were introduced into reaction tube. After equilibration, the sample 
holder was pulled out quickly to the cold end of the furnace and quenched under the flow of Ar 
gas. The samples were then taken out and subjected to chemical analysis. 

 The sulphur contents of the slag samples were determined by LECO combustion method. 
CaO, SiO2 and total Cr in slag were analyzed by X-ray Fluorescence spectroscopy (XRF). The 
Pt foil with dissolved Cr was analyzed by XRF as well. The cross section of the foil was 
examined using Scanning Electron Microscopy (SEM) provided with Electron Dispersive 
Spectroscopy (EDS) attachment. According to the studies in the present laboratory for sulphide 
capacity measurements, the equilibrating time was set as 6h as this duration was found to be 
adequate. On the other hand, the Cr distribution across the thickness of the Pt-foil was 
examined by EDS analysis, as shown in Figure 5.1, which had confirmed the attainment of 
equilibrium between the slag and the Pt-container.  
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Figure 5.1 Line analysis of the cross section of Pt crucible 

5.3 Results and discussions 

16 slag compositions from the post-measurement analyses of the slags, as well as the 
experimental results are summarized in Table 5.2. The loss of chromium to the Pt container 

was generally found to be very low. 

Table 5.2 The experimental results of sulphide capacity measurements 

T/K 
Composition (wt%) 

B (PO2/PS2)
0.5 S/wt% Cs×104 logCs 

CaO SiO2 Cr 

1823 47.0 47.9 2.63 0.98 1.695×10-3 0.111 1.882 -3.73 
1823 35.3 59.0 3.63 0.60 1.695×10-3 0.046 0.780 -4.11 
1873 44.4 47.7 3.22 0.93 2.828×10-3 0.104 2.930 -3.53 
1873 35.1 58.2 4.25 0.60 2.828×10-3 0.056 1.578 -3.80 
1873 27.6 59.9 5.51 0.46 2.828×10-3 0.041 1.155 -3.94 
1873 32.7 55.2 8.21 0.59 2.828×10-3 0.043 1.216 -3.92 
1873 47.5 46.8 4.84 1.01 2.828×10-3 0.104 2.941 -3.53 
1873 40.1 55.2 2.61 0.73 2.828×10-3 0.047 2.274 -3.64 
1873 41.8 52.6 3.2 0.79 2.828×10-3 0.06 2.488 -3.60 
1873 47.4 46.4 3.52 1.02 2.828×10-3 0.111 3.198 -3.50 
1873 52.0 44.6 1.51 1.17 9.78×10-4 0.355 3.472 -3.46 
1873 31.8 61.5 4.43 0.52 9.78×10-4 0.089 0.870 -4.06 
1873 32.5 54.6 8.69 0.60 9.78×10-4 0.147 1.438 -3.84 
1873 46.3 46.3 4.38 1.00 9.78×10-4 0.151 1.477 -3.83 
1923 51.9 43.7 2.42 1.19 1.884×10-3 0.320 6.029 -3.22 
1923 32.1 53.2 10.2 0.60 1.884×10-3 0.168 3.165 -3.50 

5.3.1 Effect of basicity on log10Cs of CaO-SiO2-CrOx 

It is seen that the sulphide capacity increases with increasing basicity, which is commonly 
observed in all sulphide capacity measurements. Similar trend was found in the present study 
known behavior in the case of slag systems, as shown in Figure 5.2, in which the log10Cs is 
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plotted as a function of basicity (wt % CaO /wt % SiO2).  
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Figure 5.2 log10 Cs obtained in the present study plotted as a function of slag basicity 

5.3.2 Effect of CrO on log10Cs of CaO-SiO2-CrOx 

 It is to be noted that the slag system investigated in the present work is in fact a quaternary 
system due to the existence of Cr2+ and Cr3+ in the slag. In order to investigate the roles of 
different chromium species, it is necessary to know the distribution of chromium oxide in the 

di- and trivalent states in the slag under the present experimental conditions. 

 The experimental sulphide capacities (log10Cs) at 1873K are examined as a function of the 
(CrO/CrO1.5) ratio calculated from Eqn (4-23) in Figure 5.3. It is seen that the sulphide 

capacity decreases with increasing XCrO/XCrO1.5 at constant basicity. 

 

 

 

 

 

 

  

 

Figure 5.3 log10 Cs plotted as a function of CrO / CrO1.5 ratio at 1873K 
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 Thus, in the present system, the variation of the sulphide capacity may be attributed to two 

factors, viz. 

-the increasing affinity of the basic oxide (CaO in the present case) to the sulphide ion that 

would cause an increase of sulphide capacity and  

-a decrease in the sulphide capacity with increase in the XCrO / XCrO1.5 at a given temperature 

 In order to get a deeper understanding of the specific effect of CrO on the sulphide 
capacities, the present results (log10Cs) are plotted in Figure 5.4 as a function of the mole 

fraction of CrO in the slag, as estimated by equation (4-23).  

 

Figure 5.4 log10Cs plotted as a function of X(CrO) estimated from equation (4-23) at 1873K 

 Despite the scatter in the results, the figure presents an approximate trend of the impact of 
CrO on the Cs values. It is seen that the sulphide capacity exhibits a decreasing trend as Cr2+ in 
the slag increases, and reaches a minimum value. This decrease can be attributed to the dilution 
of Ca2+ by Cr2+ in the slag. With further increase of the CrO content, the oxygen potential in 
the system may show a slight increase due to the presence of CrO. At silica concentrations 
above the ortho-silicate composition, Richardson [62] suggests that polymerization of the 
silicate network would provide the oxygen ions for the exchange reaction with sulphur. The 

polymerization reaction may be represented as, 

      22 Si - O Si - O - Si ( )O                           (5-4) 

Reaction (2) would release oxygen ions for sulphide reaction. 

 Lee and Gaskell [63, 64] report that, in the case of the system 1.273 (FeO, CaO)·SiO2, the 
experimental thermal expansivity shows a minimum at about 0.4 mole fraction of CaO at 1773 
K. These authors attribute this behavior to the inherent expansivities of the cation-anion bond 
types as well as the degree of polymerization, apart from the temperature dependence on the 
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degree of polymerization. The authors demonstrate that calcium silicate melts are less 
polymerized than the corresponding iron silicates. It is reasonable to assume that the behavior 
of Cr2+ would be somewhat similar to that of Fe2+, even though the chemistry of CrO 
containing melts are not well-known. Thus, it is reasonable that, beyond the minimum point, 

the polymerization reaction may favor an increase in the sulphide capacities.  

5.3.3 Effect of temperature on log10Cs of CaO-SiO2-CrOx 

 It is well-known that sulphide capacities of a system of given composition increases with 
increasing temperature. A survey of the earlier results show that plots of log10Cs vs. the 
reciprocal temperature are linear for a wide range of compositions in binary and for more 
complex melts. This tendency was observed in the present work for CaO-SiO2-CrOx, as shown 

in Figure 5.5.  

 

Figure 5.5 Plots of log10Cs vs. 1/T for the system CaO-SiO2-CrOx from the results 

 Considering the sulfur removal reaction for the basic oxide component in the silicate: 
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In the case of the CaO-CrOx-SiO2 system, the slopes of the lines were estimated to be 1.78 at 
XSiO2= 0.45 and 2.13 at XSiO2=0.58. Comparing these values with the corresponding slopes for 
similar compositions in the case of the system CaO-SiO2 (-1.292 at unit basicity), the 
activation energy appears to increase due to chromium addition. The effect of addition of CrOx 
may be complicated due to the existence of Cr cation in two different valence states. While the 
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trivalent chromium may have an impact on the thermodynamic activity of Ca2+ probably due to 
the formation of chromate entities in the slag melt, the effect of the same on the silicate 
network is uncertain. On the other hand, in analogy with Fe2+, Cr2+ is likely to promote 

polymerization according to reaction (5-4).  

5.3.4 Estimation of sulphide capacity of CrO·SiO2 metasilicate 

 Richardson and coworkers [65, 66] examined the variation of sulphide capacities of 
ternary silicates along the constant mole fraction of silica by extending Flood equation [67] to 
silicates. Considering silicate mixtures containing two cations at a fixed silica mole fraction, 
the logarithm of the molar sulphide capacity (Richardson expressed as log10) can be expressed 

by eqn. (5-7) 

                2 2

' 2 2 ' 2 ' 2log , log logs s sM N
C M N y C M y C N 

                     (5-7) 

 As shown in Figure 5.6, this relationship was found to fit the experimental data in the case 
of  cation pairs (Ca2+ - Mn2+), (Ca2+ - Mg2+) as well as (Mg2+ - Mn2+) in the metasilicate 
region (even though there exists a small deviation in the case of CaO·SiO2-MnO·SiO2 system). 
Thus, it could be reasonable to assume a linear variation of log10Cs’ between the two terminal 

binary silicates along a constant SiO2 mole fraction in the metasilicate region.  
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Figure 5.6 Relationship between log10Cs’ and mole fraction of MO (where M= Mn or Mg) for 

metasilicates at 1923K (Cs’ corresponds to molar sulphide capacity) [65, 66] 

 In analogy with these systems, it can be reasonable to assume that log10Cs’ in the case of 
the system CaO-SiO2 and CrO-SiO2 is linear with respect to the mole fraction of CrO. From 
the present results, extrapolation of the log10Cs’ values obtained in the case of the ternary 
system obtained in the present study to the CrO·SiO2 end at 1873 K gives a log10Cs’ value of 
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approximately -5 which is comparable to similar values for MnO·SiO2 (-4.18 at 1973K [51]) 

and FeO·SiO2 systems (-4.39 at 1773K [49]) at the metasilicate composition.   

5.4 Summary 

 In this study, sulphide capacity of CaO-SiO2 slags containing chromium oxide at selected 
temperatures and compositions, were measured by slag-gas equilibration technique. A linear 
relationship between log10Cs vs. the reciprocal temperature was observed in the present study. 
The plots of log10Cs’ (Cs’ is the molar sulphide capacity) vs. (1/T) obtained from the present 
results exhibit a higher negative slope than for the corresponding compositions in the case of 
CaO-SiO2 system indicating a sharper increase of Cs with increasing temperature. The 
behavior of CrO in the slag was found to be analogous to FeO. In the metasilicate region, mole 

sulphide capacity of CrO·SiO2 (log10C’s) was estimated to be approximately -5.0 at 1873K.  
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6 DETERMINATION OF SOLIDUS AND LIQUIDUS 
TEMPERATURE OF SLAGS 

In order to carry out experimental studies on the sulphide capacities of slags relevant to hot 
metal desulphurization, it was found necessary, in the present group to ascertain that the 
“mother slags” are in the homogeneous liquid region so that the addition of other oxides would 
lower the liquidus temperatures. This is true even in the case of the ongoing studies in the 

present group on the properties of chromium oxide containing slags.  

In order to confirm the liquidus and solidus temperatures of CaO-Al2O3-SiO2 slags with 
additions of MgO and MnO, experimental studies were carried out in the case of four 
compositions and the results were compared with the estimations from the commercial 
calculation software: ThermoCalc and FactSage as well as those available in the phase diagram 

information available [68] in literature in the case of the ternary and quaternary systems.   

Experimental 

The experimental techniques adopted were DSC measurements as well as high temperature 
X-ray radiography, wherein the melting behavior could be directly observed. The slag 

compositions studied are presented in Table 6.1. 

Table 6.1 The slag compositions studied in the present experiments  
B1=wt% (CaO)/wt %( Al2O3+ SiO2); B2=wt%(CaO+MgO)/wt%( Al2O3+SiO2) 

No. 
Composition (wt%) 

B1  B2 
CaO Al2O3 SiO2 MgO MnO 

C01 52.00 40.00 8.00   1.08 1.08 
C02 49.92 38.40 7.68 4.00  1.08 1.17 
C03 47.32 36.40 7.28 4.00 5.00 1.08 1.17 
C04 44.72 34.40 6.88 4.00 10.00 1.08 1.18 

 

The DSC measurements were carried out in a Netzsch SAT 449C Jupiter unit with a maximum 
temperature of 1923K. Parallelly, the melting behavior of the slag samples were also observed 
by X-ray radiography in the X-ray sessile drop unit built up in the present division. The details 
of the apparatus were given in an earlier publication [69]. The fluctuation of temperature in this 
unit with an even temperature zone extending over a length of 0.08m was found to be within 
±2 K. The measurements were carried out in an atmosphere of argon purified by the standard 
method adopted in the present laboratory. In both cases, the instruments were earlier calibrated 

against the melting points of standard metals.  

The slag samples were prepared by mixing appropriate proportions of CaO, Al2O3, SiO2, MnO 
and MgO reagent powders. In the case of the X-ray studies, the samples were further pressed 
into small pellets of 0.6g and set on a Pt substrate (0.015×0.025m, thickness: 5×10-4m) loaded 
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in an alumina crucible (OD: 0.035m, ID: 0.03m, Height: 0.05m).  The measurements were 
carried out in an atmosphere consisting of a mixture of CO, CO2 and Ar gases. The ratios of 
CO and CO2 were adjusted in each case so that no reduction or oxidation (in the case of MnO) 
could be significant. The furnace temperature was raised at a constant rate of 5 K per minute. 
The X-ray photographs of the sample were taken at short intervals in the temperature zone of 
interest until the sample fully melted so that the softening temperature of the slag pellet could 

be identified to an accuracy of 1 K. 

Results and Discussion  

The results of the DSC measurements are summarized in Table 6.2. One typical DSC output is 

presented in Figure 6.1. 

Table 6.2 DSC results 

No. 
Final peak temp. /K 

during Heating 1 
Final peak temp. /K 

during Heating 2 

C01 1641 1642 
C02 1587 1584 
C03 1581 1579 
C04 1560 1555 
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Figure 6.1 DSC curve for sample C01 

The DSC traces do not show the process of melting; viz. the identification of solidus and 
liquidus. Only one sharp peak was found. Further, the DSC peaks recorded during the cooling 
mode were significantly lower than those obtained during the heating mode indicating a 
tendency to supercool during cooling. The authors were aware of the problem of the slight 
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inhomogeneity of the samples during the heating mode. But, this was considered insignificant 
if the DSC peaks for the second heating cycle were considered as liquidus temperatures since 
the samples were taken to temperatures at which the melting peaks were complete and the 
samples would be fully molten during the first cycle. The temperatures corresponding to both 
the peaks are presented in Table 6.2. The DSC measurements show that addition of MgO to 
CaO-Al2O3-SiO2 slag of the given composition results in a slight decrease in the liquidus 
temperature. Addition of MnO in the slag corresponding to compositions C03 and C04 has not 

indicated any serious drop in the liquidus temperatures according to these measurements. 

The X-ray radiograph images corresponding to samples C01 and C02 are presented in Figure 
6.2 and 6.3 respectively. It is to be noted that only those images corresponding to intervals of 
10 K are presented in these figures for the sake of brevity. In reality, the images were taken at 

much shorter intervals and the softening temperature could be identified to an accuracy of 1 K.   

Figure 6.2 X-ray images of the measurement of sample C01on a Pt substrate 

As shown in Figure 6.2, the softening of the CaO-Al2O3-SiO2 slag began at a temperature 
between 1603 and 1623 K, and fully melted above 1623 K. In the case of the 
CaO-Al2O3-SiO2-MgO slag, the softening of the slag was found to begin at a temperature 
between 1613 and 1623K and possibly fully melted above 1623 K as shown in Figure 6.3. In 
reality, the constant monitoring of the X-ray images and recording the same at very quick 

intervals enabled the estimation of the softening (solidus) temperatures to an accuracy of ± 1 K.   
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Figure 6.3 X-ray images of the measurement of sample C02 on a Pt substrate 

It would be interesting to compare the present results with those derived from FactSage 6.0 
with FactSage solution database [70] and ThermoCalc R version with database in SLAG2. The 
solidus and liquidus temperatures computed from these databases are compared with the 
present experimental observations as well as the liquidus temperature information derived from 

Slag Atlas [68] in Table 6.4.  

The databases, Thermocalc as well as FactSage give systematically higher values for liquidus 
temperatures compared to the experimental values. Thermocalc values are somewhat closer to 
the experimental observations. With regard to the solidus temperatures, the experimental value 
for slag C01 is quite close to the predictions from both the databases. In the case of other slags, 
the data base predictions are lower; once again Thermocalc results being closer to the 
experimental observations. For slags C03, C04, FactSage output shows a drastically lower 

solidus temperature.  

Table 6.3 Comparison between experimental observations and estimation from 
ThermoCalc and Factsage 

No. 
Experimental ThermoCalc FactSage Slag alta 

X-Ray DSC Solidus Liquidus Solidus Liquidus Liquidus 

C01 1608 1642 1605 1652 1604 1691 ~1653 
C02 1583 1584 1432 1615 1327 1677 ~1683(5%MgO)* 
C03 1553 1579 1473 1600 1211 1629 / 
C04 1549 1555 ~1470 ~1594 1211 1606 / 

*In the case of CaO-MgO-Al2O3-SiO2 system, the temperature of C02 is estimated from phase diagram 
with 5% MgO addition. 

In the most simple case-C01 (CaO-Al2O3-SiO2 ternary), the results from DSC and calculations 

1573K 1583K 1593K 

1603K 1613K 1623K 
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for liquidus temperature are all in good agreements with the reference values. Further, the 
observation from X-Ray radiography was close to the suggested solidus temperature by 
commercial softwares. For the CaO-MgO-MnO-Al2O3-SiO2 system, large discrepancies are 
noticed among these results, especially for solidus temperatures. The present observations 
indicate that it is possible to get a reasonable idea of the solidus temperature from X-ray 

radiography while DSC would indicate the liquidus temperatures.  
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7 CONCLUSIONS 

 As mentioned in the first chapter, two kinds of methodologies were used in the present 
thesis to try to understand or estimate the thermophysical and thermochemical properties of 
molten system. One is carried out by the new geometrical model-mass triangle model, which is 
estimating specific thermophysical properties from using slag compositions. The second 
methodology is the common way, investigating the thermodynamic properties by 

corresponding equilibrium experiments. The conclusions are summarized as follows: 

1) Mass triangle model can be regarded as a powerful and efficient tool for estimating 
various properties of molten system only based on limited experimental information. 
The method has successfully been used for slag properties such as viscosity, surface 

tension, density, as well as electrical conductivity and sulphide capacity etc. 

2) High-temperature mass spectrometry method is proved to be an         
applicable method to investigate the oxidation state of chromium in multicomponent 
systems. 

3) According to the results obtained by XANES and mass spectrometry, the ratio of 
Cr2+/Cr3+ increases with increasing of temperature, decreasing oxygen partial pressure 
and basicity (B=(%CaO+%MgO)/(%Al2O3+%SiO2)). 

4) A mathematical formula was arrived at for estimating the ratio of Cr2+/Cr3+ as a function 
of temperature, partial pressure of oxygen and slag basicity by utilizing the data 
obtained in present study as well as those reported in literature. 
B=(%CaO+%MgO)/(%Al2O3+%SiO2) 
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5) Regarding the behavior of chromium in desulphurization, log10 Cs varies linearly with 

the reciprocal T, and the slope is higher than the corresponding value reported in the 
case of the binary CaO-SiO2 of corresponding composition. 

6) The sulphide capacity shows a decreasing trend as Cr2+ replaces Ca2+ in the slag. With 
further increase of Cr2+ content, there are indications of the occurrence of a minimum 
point beyond which the sulphide capacities show a slight increasing trend. The latter is 
attributed, on the basis of slag structure analysis, to the increasing extent of the 
polymerization reaction releasing oxygen ions for sulphide reactions in the metasilicate 

region.  

7) Sulphide capacity can be used as a good indicator of polymerization process in silicate 
slags. 

8) It is possible to get a reasonable idea of the solidus temperature from X-ray radiography 
while DSC would indicate the liquidus temperature of slag. 
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8 FUTURE WORK 

 
In future, an attempt will be made to extend mass triangle model to higher order system to 
estimate the thermophysical and thermochemical properties. 

1) Develop the corresponding program code for higher order systems to validate the 
applicability of mass triangle model in higher order systems 

2) Apply mass triangle model to more homogenous ternary systems to see the possibility 
of this mothod as a uniform model to perform the calculation in both limited and 
unlimited solubility area.  

If these basic works are progressing, the mass triangle model can be used as a slag-design or 
processing optimization method, which would be quite interesting to industry. 
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