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The cell model originally developed by Kapoor and Frohberg for binary and ternary silicate
melts was later extended to multi-component liquid slags by Gaye and Welfringer. CSIRO has
extended the application of this model to describe the behaviour of a large number of oxide
species commonly found in metallurgical slags. One limitation of the model was that when using
only binary parameters to model ternary or higher order systems, the thermodynamic behaviour
of the components in Al,O; containing systems cannot be represented accurately. Based on an
analysis of the structural role played by oxide components in the Ca0-Al,03-SiO, system, two
ternary parameters have been introduced to account for the influence of Al,O; on Ca-Si
interaction and CaO on Al-Si interaction, respectively. The introduction of the ternary
parameters resulted in significant improvements in the model description of Al,O3 containing
ternary and higher order systems. As a structurally based model, the cell model calculates
parameters related to the degree of polymerization in silicate melts. These parameters have been
used in a structurally based viscosity model for calculating the viscosity of silicate melts. The fit
to a recent set of data has demonstrated the capability of the viscosity model to account closely

for the cation effects.
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1. Introduction

In simulation of the processing of alloy materials,
thermodynamic models for the liquid alloy, the solid
solutions and various intermetallic compounds are widely
used. For some processes, such as the production of clean
steels, interaction of the alloy phase with solid or liquid
oxides (non-metallic inclusions for instance) has critical
process implications. Understanding of the interaction is
greatly aided by well-developed liquid oxide or slag models.

There are a number of slag models that offer varied levels
of success in representing the thermodynamics of liquid
slags. Gaskell has presented an excellent review of the
earlier developments and a comparison of the models for
binary silicate slags.!') More recently, Saunders and Mio-
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downik provided a review of some of the more commonl;/
used models within various thermodynamic packages.[*!
Among these, the so-called cell model was developed by
Kapoor and Frohberg,” initially for binary and ternary
silicate melts. Gaye and Welfringer at IRSID extended the
model in the 80s to multi-component liquid slags.!*) It was
demonstrated that the model could be applied to multi-
component steel making slags (up to six components) by
using only binary parameters. This was the first slag model
developed for real industrial multi-component slags at the
time and was considered to be a remarkable advance in slag
modelling. Further extensions of the model by the IRSID
researchers include the addition of second and third anions,
ie, Sand F species,[S] and other common oxide species,
such as P,Os, Cr,05"! and TiO,!! in steel making slags.
One useful feature of the cell model is that structural
information in terms of the fractions of free, bridging and
non-bridging oxygen can be generated to describe the
degree of polymerization of silicate melts. Subsequently, the
calculated structural parameters could be used to correlate
properties, such as viscosity, which strongly depend on the
structure of the melts.

The CSIRO group adopted and further developed the cell
model to include a substantial list of oxide species
commonly found in both ferrous and non-ferrous metal
smelting. The model was incorporated in a computational
package Multi-Phase Equilibrium (MPE).”*] The MPE has
been used by researchers and plant metallurgists for the
prediction of the multiphase equilibria, and the viscosity and
electrical conductivity of the slags as well.

One of the unique features of the MPE package is the
inclusion of a structurally based predictive model, which
calculates the viscosity of homogeneous liquid slags'®'"! and
estimates the viscosity of slags containing up to 30 wt.%
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solids'”!. To support the development of the database,
measurements of various properties, such as phase equilib-
ia,['>13] viscosity!"*'>! and electrical conductivity!'® in the
relevant regions for both synthetic materials and industrial
samples were often carried out to provide critical data for
model optimization and validation. The MPE database
currently contains optimized parameters for a wide range
of oxide components, such as SiO,, Al,O3, Cr,05, TiO,,
Ti,03, Fe,03, FeO, CaO, MgO, MnO, CrO, PbO, NiO, CoO,
Zn0O, Na,O and Cu,O (NayO is not yet included in the
viscosity model).

The so-called CALPHAD approach!”! was generally
taken in the development of the multiphase thermodynamic
database. In this process the published thermodynamic and
phase equilibria data on various systems of interest are
compiled and critically assessed. Then appropriate thermo-
dynamic models are adapted and/or extended to obtain sets
of self-consistent parameters for solution phases. In most
cases the parameters of thermodynamic models were
obtained for lower order systems, such as binary and
ternary systems. One of the challenges in applying the
CALPHAD technique to industrial systems is the extrapo-
lation of the model descriptions beyond binary and ternary
systems. Although a high degree of accuracy can be
achieved for lower order systems, the success of the
extrapolation of the models to higher order systems is often
not guaranteed. The degree of success of the extrapolations
can vary significantly with the constituents that form the real
system.

Although covering a broad range of applications, such as,
non-ferrous, ferro-alloy as well as iron and steelmaking, an
approach was taken at CSIRO in the development of the
slag database by using a single set of unified and critically
assessed thermochemical data. The cell model parameters
were obtained for binary systems of interest by fitting
available thermodynamic data and phase diagrams. The
model descriptions for ternary and higher order systems
were examined and validated against the measured activity
and phase equilibrium data. In some cases refinement of the
binary parameters was required in order to provide reason-
able fit to both binary and higher order systems.

It was found that if a ternary is made of the same type of
binary systems, for example, CaO-SiO,, MgO-SiO,, MnO-
SiO, and FeO-SiO,, the model can represent the measured
activity and phase diagram satisfactorily by using only
binary parameters. The CaO-MgO-SiO, ternary can be
considered to be formed by mixing two binaries of CaO-
Si0, and MgO-SiO,. The behaviour of the two binaries was
found to be similar; i.e., the component activities in the slag
phase showed very strong negative deviations from ideality.
The formation of the ternary can be considered as substi-
tution of MgO for CaO in the CaO-SiO, binary at a given
silica content or vice versa. Significant structural changes
are not expected in this case and the activities of the
components are not expected to vary greatly. This relates to
the fact that the CaO-MgO binary exhibits nearly ideal
behaviour in the liquid phase, and the value of the cell
formation energy Wcamgis close to zero. This justifies the
consideration of simple cation substitution by replacing a
Ca”" with a Mg®" cation.

However, for Al,O3 containing ternary systems, such as
the CaO-Al,05-SiO, system, it was found that the binary
parameters determined for Al,O3-SiO,, CaO-Al,03, CaO-
SiO, were not able to predict accurately the SiO, activity
nor the liquidus surface in the ternary system. It is expected
that the model representation of the higher order Al,O3
containing systems will also be in error for the same reason.

In the Ca0-Al,05-SiO, ternary, the two silica containing
binaries, Ca0-SiO, and Al,05-SiO,, are also very different
from each other. Unlike the CaO-SiO, system, where the
component activities showed very strong negative devia-
tions from ideality, the calculated component activity (using
parameters obtained by fitting the phase diagram) in the
Al,05-Si0, binary showed slightly positive deviation from
ideality. When the two binaries are mixed to form a ternary
system, it is no longer a case of cation substitution of Al,O3
for CaO in the Ca0O-SiO, binary at a given silica content.
Strong Ca-Al interactions exist in the CaO-Al,0O5; binary
system, i.e., both Al,O; and SiO, compete for CaO.
Thermodynamic properties seem to suggest that the effect
could be two-fold; on the one hand, addition of CaO to the
Al,05-Si0, binary appears to make AIl-O-Si cells more
stable. Addition of Al,O5 to the CaO-SiO, binary could lead
to weakening of the interactions in Ca-O-Si cells. The
uneven interactions are likely to impose some structural
changes from the binary. In the cell model, binary param-
eters alone seem unable to describe such complex behav-
iour.

The modeling results of Gaye and Welfringer showed
that the agreement between the calculated liquidus surface
and the published phase diagram was very poor towards the
Al,03-Si0; rich region in the Ca0O-Al,05-SiO, system. A
compromise was made that the set of parameters adopted
was able to produce accurate SiO, activity for the domain
of interest for iron and steel making slags. However, the
model is not suitable for the Al,05-SiO, binary and other
ternary and higher order systems at the Al,03-SiO, rich
edge.

Examination of the behaviour of the various components
suggests that it may be helpful to introduce some ternary
parameters to the cell model to account for the effect of the
third component C on an A-B binary system. Similar
approaches by using the ternary parameters in the slag
model has been shown to be helpful in the case of the
modified quasi-chemical model in modeling the CaO-
Al,05-Si0, system by Eriksson and Pelton.!'”! In the
present article modeling of the Ca0O-Al,05-SiO, system
including the binaries using the cell model will be
discussed. The modification of the cell model by introduc-
ing ternary parameters will be described and the modeling
results presented. Furthermore the behaviour of the individ-
ual oxides on structure, thermodynamic properties and
viscosity of the silicate melts in general are analyzed.

2. The Cell Model

A detailed formulation of the cell model has been given
for silicate melts in the literature by Kapoor and Frohberg!®!
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and Gaye and Welfringer."* The model treats the melt as a
mixture of cells formed among oxygen atoms and
“cations”. For example, the basic structural units consid-
ered in a binary MO-SiO, system (M=Ca, Mg, Mn, Pb and
so forth) are symmetric cells M-O-M and Si-O-Si, and
asymmetric cells M-O-Si. The oxygen in a M-O-M cell
represents a free oxygen ion (0%7), in a Si-O-Si cell a
bridging oxygen (O°) and in a M-O-Si cell a non-bridging
oxygen (O7). Model parameters to be determined are the
cell formation energy Wy,s; and the cell interaction energy
Ensi used in the expression of the free energy of mixing,
while the terms Wy,.g; and Eyrg; can be functions of both
temperature and composition. In our work the model
parameters were in most cases optimized by using a special
version of the PARROT program in the Thermo-Calc
package,!"®! which works by minimizing an error sum and is
capable of handling various kinds of experimental input
data. Details of our modelin? methodology and procedures
have been given elsewhere.l’) In our modeling the Gibbs
energy of formation of species for common elements and
their compounds is derived from the SGTE (Scientific
Group Thermodata Europe) database!'®?”) and Thermo-
chemical Data of Pure Substances by Barin.*' A systematic
approach was taken in the modeling work and the attempt
was made to build up the model description of the ternary
and higher order systems based on binary systems where
accurate descriptions were obtained.

2.1 The Binary Systems Ca0-SiO,, Ca0-Al,03
and AI203'3i02

In the current MPE database, the thermodynamic data as
well as the cell model parameters assessed by Taylor and
Dinsdale®?! for the CaO-SiO, system are used. As shown in
their article,”! a satisfactory fit to the published silica
activities and phase diagram, except the miscibility region
on the silica rich side, was obtained. The assessment of the
Ca0-Al,0; and Al,03-Si0, binary systems were carried out
by the present authors. The slag model parameters of the
two binary systems were optimized to reproduce the
published component activities in the liquid phase and the
phase diagrams. Figures 1 and 2 show the comparison
between the calculated and the published phase diagrams for
the CaO-ALO5*?% and AL05-Si0,****2*2° binary
systems, respectively. Figure 3 shows a comparison be-
tween the published activity data (solid as standard state)
and calculated values for CaO and Al,O; in slags at
15005%31 and 1787 °CB* in the Ca0-A1,05 system. It can
be seen that the calculated liquidus and activities are in close
agreement with the published data. The results are also
comparable with other published modeling results by the
modified quasi-chemical model!'” and ionic model.* It
should be pointed out that the mullite in the Al,O5-SiO,
binary was treated as a stoichiometric compound in the
MPE rather than a solid solution phase as in the other two
models. Nevertheless, such an approach may cause some
error in the solid region and will not have a great effect on
the description of the liquid phase. In other words the
difference in the slag model parameters for the two cases
should be minor.
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Fig. 2 Comparison between the calculated phase diagram and
the experimental datal®>?#26-2] for the Al,05-SiO, system

2.2 The Ca0-Al;03-Si0, Ternary System

The Ca0O-Al,05-Si0, ternary system can be considered
as a base system for various t’ﬁ)es of slags. There are some
well-established activity datal®*** and a phase diagram®!
for this system.

Our first attempt was to use the binary parameters only to
predict the ternary behaviour. Figure 4 shows the compar-
ison between the calculated SiO, activity values and the
published data at 1550 and 1600 °C, respectively.***]
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Si0, system by using binary parameters only in the cell model

It can be seen that activity values in the CaO-SiO, binary
side are in close agreement with the experimental data. It
should be noted that experimental activity data were not
found for the Al,03-SiO, binary side. However, the model
provides good fit to the binary phase diagram by using
generally accepted thermochemical data for phases of
ALO3,"! mullite,”" and SiO¥?! in the Al,05-SiO, binary.
The accuracy of the activities for both Al,03 and SiO,
should match that of the thermochemical data used.
Furthermore, the binary results are in close agreement with
extrapolation of the ternary experimental data. Despite good
descriptions of the binaries, disagreement between the
model and the experimental data grows as Al,O; content
increases in the ternary. For example, when the Al,O3
content approaches 40 wt.%, the calculated isoactivity curve
for agio,= 0.9 is almost at the same composition as that at

124

which the measured agjo,is 0.5. In other words, the model
overestimates SiO, activity by about 0.4, almost twice the
measured values at these compositions. Due to such large
errors in the calculated component activities, the calculated
liquid regions, in particular at 1400 °C, are also inaccurate
as shown in Fig. 5. The published phase diagram!*! shows
that at 1400 °C the liquid region in the centre part of the
ternary system is bound by solid phases of SiO,, CaSiO3,
Cazsi04, Ca3Si207, Al6Si2013, CaAlzsi2Og and Ca2A12
SiO;. The calculated liquid region is, however, much
smaller and only borders three solid phases, i.e., SiO,,
CaSiO; and CaAl,Si,Og. The calculated liquid region at
1500 °C is in closer agreement with that determined by
experiments than at 1400 °C, especially towards the CaO-
SiO, binary end. The error becomes greater as Al,O;
content increases.

Journal of Phase Equilibria and Diffusion Vol. 28 No. 1 2007



1400°C

(o] /
(_? 40 { 60 o
N )
§F °
90¢e % 40
AY
70,5_. A30
80/ 520
%0/ 510
100/ , , CaAnop aALO, N vo

ca0o 0 10 ZI} 30 40 50 60 70 80 90 100 AlO

wt% AlLLO,

—— Published
Calculated by using
binary parameters only

Basic and Applied Research: Section |

1500°C

L v 0
CaO 0 10 20 30 40 50 GD 70 80 90 100 AlO

wt% Al,O,
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by using binary parameters only in the cell model (L stands for liquid)

3. Introduction of Ternary Parameters

In order to improve the accuracy of the calculated
component activity values and phase diagrams, an attempt
was made to refine the model description by introducing
ternary parameters into M(Ca,Mg,Mn,Fe)O-Al,05-SiO,
systems. Ternary parameters have also been used in the
modified quasi-chemical model for the CaO-Al,05-SiO,
system!'”! to account for the influence of the third compo-
nent, k, upon the Gibbs energies of formation of the binary
i and j pair.®”! When there are only binary parameters in the
model the cell formation energy terms ;;’s were expressed
as:

wi=w + wx + w)x? (Eq 1)

Ternary parameters are introduced in the following form:

wy =W + wx, + wix?

m
Xk
Wik ——— Eq 2
k=1 7é LJ
where W(O)y, W(l)lj, W(z),,, are coefficients obtained by fitting

the experimental data of the bmary systems, X; is the mole
fraction of component i and m is the number of components
in the slags. The last term in Eq (2) is the sum of the ternary
interactions of all non i, j components upon the ij pair. The
effect of the third component k is proportional to the mole
fraction of k over the sum of the mole fractions of all non
i components. It should be noted that the order of the species
in the cell model is related to the acidity of the components.
The indices i and j are not interchangeable within the cell
model. It can be seen that the second and third terms in Eq
(2) are related to X; only. In other words W;; can only be
functions of X;, not X; as i is more acidic than j- In the
denominator, (1-X;) refers to all non-i components. It was

found that this functional form is most effective to account
for the ternary interactions in the systems modeled.

Two ternary parameters with values of Wsialca =
—15000 J/mol and Wg;.caa1 = 3000 J/mol were used for
the Ca0-Al,03-Si0,. The calculated iso-activities of SiO,
and liquidus by using the modified cell model for the CaO-
Al,05-Si0; are shown in Fig. 6 and 7. The results show that
significant improvement in the model descriptions has been
achieved by introduction of the ternary parameters. The
calculated iso-activities of SiO, are in quite close agreement
with the experimental data at 1550 by Kay and Taylor™**
and 1600 °C by Rein and Chipman.”>! The significant
improvement in the calculated activities by the modified cell
model has also led to closer agreements between the
experimental and the calculated liquid regions at 1400 and
1500 °C, which are now bound to the correct solid phases.

The same approach was also applied to other ternary
systems, such as MgO-Al,03-Si0,, MnO-Al,05-Si0, and
FeO-Al,03-Si0,. The accuracy of the model descriptions
was also found to be improved by the modified cell model. As
a result the model prediction of higher order systems of the
M(Ca,Mg,Mn,Fe)O-Al,05-Si0, system are expected to be
more accurate. Figure 8 presents just one example of liquidus
calculations in the system of CaO-MgO-Al,03-SiO,.
The diagram shows the effect of addition of MgO on the
phase relations in slags with 15 wt.% Al,O3 and CaO/SiO,
(Wt.%/wt.%)=1.0. The published datal*®! show that CaSiO; is
stable up to 1330 °C without MgO addition. The liquidus
temperature drops by about 30 °C with the addition of 1 wt.%
MgO. Melilite then becomes the primary solid phase with
further addition of MgO and the liquidus temperatures start to
increase and level off when MgO addition reaches 8 wt.%. It
can be seen that the liquidus temperatures calculated by using
binary parameters only in the cell model are in general higher
than the published values. Furthermore, only melilite was
identified as the primary solid phase in the range of 0-10 wt.%
MgO additions. It is also noted that the difference between the
calculated and the published liquidus temperatures is about
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by using modified cell model with ternary parameters (L stands for liquid)

130 °C at 0 wt.% MgO and the differences become smaller
with more MgO added to the slags. Using the modified cell
model with ternary parameters, accurate predictions on the
phase relations in the CaO-MgO-Al,05-Si0, system were
obtained. The results in Fig. 8 show that the model is able to
represent both the correct liquidus temperatures and the
primary solid phases in equilibrium with the slag in the
composition range covered.

It is noted, however, that the modifications introduced in
the present study may not be the best approach to resolve
the fundamental shortcomings of the cell model. The
current approach has been proven to overcome limitations
of the model for MO-Al,05-SiO, type ternary slags. A
new generation of slag models with more realistic physi-
cal meaning are needed to overcome the difficulties of the
pair-wise like models that require equivalence between
various anionic and cationic types when dealing with

polyvalent sg)ecies as pointed out by Saunders and
Miodownik.

4. Slag Viscosity Model

As mentioned earlier, one of the useful features of the
cell model is that structural information in terms of the
fractions of free (O%), bridging (0°) and non-bridging (O7)
oxygen can be calculated. These parameters are considered
to be a measure of the degree of polymerization of silicate
melts, which correlates with slag viscosity. The viscosity
model in the MPE package uses the fractions of free and
bridging oxygen in calculation of the activation energy term
of the viscosity to account for the composition dependence
of the viscosity. The model uses binary parameters for the
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prediction of viscosity in high order systems. Details of the
viscosity model and the major modeling results have been
presented elsewhere.[!

During the development of the viscosity model, Al,O3
again presented challenges for that simple approach. In
the CaO-Al,05-SiO, slags for example, for given silica
mole fractions the maximum viscosity was observed about
mole ratio of Al,03/CaO =1 in CaO-Al,05-SiO, sys-
tem.*”) This phenomenon was confirmed recently by Toplis
and Dingwell.*”) Similar behaviour occurs for both viscos-
ity and electrical conductivity of sodium aluminosilicate
glasses.'*'**1 It is believed that it is caused by the so-called
amphoteric role played by alumina in the silicate network
structure. In order to model such behaviour the concept of
classifying oxides as network former (SiO,), modifier (CaO,
MgO, FeO, MnO, PbO, Fe,03) and am[photeric (ALL,O3)
originally introduced by Urbain et al.™**! in viscosity
modeling was adopted. Furthermore, the knowledge gained
in the study of the structure of silicate melts via molecular
dynamics simulations*” helped in a special treatment that
enables the viscosity model to describe correctly the
behaviour of alumina.!'"]

The viscosity model currently contains 16 oxide com-
pOHentS, i.e., SiOz, A1203, Cr203, TiOz, Ti203, FezO3, FeO,
Ca0O, MgO, MnO, CrO, PbO, NiO, CoO, ZnO and Cu,O.
Like the MPE package itself the viscosity model has been
constantly extended, validated and refined over the years.
The data used for validation cover slags from various
operations and types, such as ferrous, non-ferrous, coal ash
and PGM (platinum group metals) melter slags.®4¢48]

To demonstrate the predictive power of the viscosity
model, Fig. 9 shows the comparison between the calculated
and the recent set of measured viscosities of blast furnace
type slags by Saito et al.[*>**! and the predicted values at
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nace type slags®®**! and the predicted values at 1873 K in the
(MgO, TiOz,FCzO3)-CaO-A1203-Si02 system

1873 K in the (MgO, TiO,,Fe;03)-Ca0-Al,03-Si0, sys-
tem. The aim of the experimental study is to establish the
effects of MgO, TiO,, Fe,O3 on the viscosity of 40CaO-
20A1,05-40S10,(wt.%) slag. Their results show that the
viscosity of the Ca0O-Al,03-SiO, slags decreases with
increasing MgO, TiO,, Fe,O;. For the same level of
addition, viscosity decreases in the order of Fe,Os, TiO,
and MgO. In other words Fe,O; is most effective in
reducing the viscosity of the slag, followed by TiO, and
MgO. They also found the same effects when the three
oxides were added to 50CaO-50SiO, (wt.%) slags. The
predicted values shown in Fig. 9 were calculated using
existing viscosity model parameters (binary only) deter-
mined when TiO, was incorporated.*® Good agreement
between the predicted values and the experimental data can
be seen. The model predicts slightly higher values when
the amount of additives increases. Nevertheless, the
difference between the predictions and measured values
is within 30%, similar to the experimental uncertainties for
viscosity measurements as pointed out by Mills and
Keene.”!! Most importantly the model is able to reproduce
the correct order in the effectiveness of the cation species
in reducing the viscosity of molten oxide slags.

5. Conclusions

Close examination of the cell model revealed that using
only binary parameters caused large errors in calculated
silica activity and phase diagram in the CaO-Al,05-SiO,
system even though the binary parameters reproduced the
binary behaviour accurately. This was caused by the
inability of the model to account for the complex behaviour
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in the system by mixing of two binary silicates of CaO-SiO,
and Al,03-SiO, with uneven interactions.

An approach was designed to modify the cell model by
introducing ternary parameters. The results for the CaO-
Al,03-Si0; system show that the fit to the SiO, activity and
the liquidus surface is satisfactory while the accuracy of the
binary properties is maintained.

The capability of the structurally based viscosity model
has been demonstrated by the close fit to a set of recently
measured viscosity and predicting closely the effects of
various cations.
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