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ABSTRACT

The prediction of thermodynamic properties and phase equilibria related to liquid and
solid oxides can play an important role in the development and understanding of
metallurgical, ceramic and geological processes. The importance of numerical
simulation of these processes is increasing, and the thermodynamic models must keep
pace and be able to calculate and predict phase equilibria and thermodynamic properties
of complex mixtures. The goal of this thesis is a critical evaluation and optimization of
thermodynamic properties of solid and liquid oxides in order to construct accurate and
extensive thermodynamic databases for the systems of industrial interest. The
constructed databases can aid in understanding various industrial processes more clearly

and in developing new technology in various industries.

All solid and liquid phases of 5 binary, 9 ternary and 5 multicomponent sub-systems in
the CaO-MgO-Al03-Si0,-FeO-Fe;03-MnO-CrO-Cr,03-CoO  system were  critically
evaluated and optimized in the course of the present study. The optimization of all
systems in this study are self-consistent, and moreover are consistent with all alloy and
salt databases of the FACT system (developed at Ecole Polytechnique de Montreal).
From the database of model parameters of lower order (binary + ternary) subsystems,
the thermodynamic properties of multicomponent solutions can be predicted with good

accuracy.

All thermodynamic models for solutions used in this study were developed on the basis
of their structure. In this way, the configurational entropy of solution could be properly
taken into account. Thus, the number of model parameters for each solution can be
minimized using physically correct thermodynamic models. The predictive ability of all

models was found to be excellent.
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The molten oxide was modeled by the Modified Quasichemical Model, which takes into
account second-nearest-neighbor cation ordering. Extensive solid solutions such as
spinel, olivine and pyroxene were modeled within the framework of the Compound
Energy Formalism with consideration of their two- or three-sublattice crystal structure.
Other solid solutions such as monoxide, wollastonite and so on were modeled using
polynomial expansions of the excess Gibbs energy. Deoxidation equilibria in liquid Fe
were also modeled using a new Associate Model developed in the present study, which

takes into account the strong affinity of deoxidants to oxygen.

In particular, the spinel solution optimized in this study comprises the most extensive
spinel solution database in the world, covering the Fe-Mg-Al-Cr-Co-Ni-Zn-O system,

which is important for the corrosion of steel, refractories, ceramics, efc.

The new Associate Model can accurately describe the deoxidation phenomena of strong
deoxidants such as Ca, Mg and Ba using only one temperature-independent model
parameter. This is not possible with the classical Wagner Interaction Parameter
Formalism. This is the first time the deoxidation equilibria of these strong deoxidants
has been elucidated. The model can be applied to the deoxidation equilibria of all

common deoxidant elements in liquid Fe.

In order to show the accuracy and usefulness of the thermodynamic databases developed
in this study, they are applied, for example, to complex steelmaking processes: inclusion
engineering, and vacuum oxygen decarburization (VOD) simulation in the stainless

steelmaking process.

The newly optimized databases and thermodynamic models for oxides and liquid Fe can
be incorporated with the FACT databases. The database of the model parameters can be
used along with software for Gibbs energy minimization in order to calculate any type

of phase diagram section, thermodynamic properties, phase equilibria, etc.
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Consequently, they will increase the accuracy of the FACT thermodynamic databases

and expand the range of applications to the industrial and natural processes significantly.
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CONDENSE

La prédiction des propriétés thermodynamiques et des équilibres de phases pour les
systtmes d’oxydes liquides et solides peut avoir un rdle important lors du
développement et lors de la compréhension de procédés métallurgiques, céramiques et
géologiques. La simulation numérique de ces procédés a une importance croissante et
les modeles thermodynamiques doivent permettre de calculer et prédire les équilibres de
phases et les propriétés thermodynamiques pour des systémes complexes. L’ objectif de
cette these consiste en 1’évaluation critique et en la modélisation des propriétés
thermodynamiques de systemes d’oxydes solides et liquides. Cela nous a amenés a
développer des banques de données thermodynamiques pour des systémes d’intérét
industriel. Ces banques de données permettent d’améliorer la compréhension de

procédés industriels variés et de développer de nouvelles technologies.

Dans le Chapitre 2, nous décrivons brievement I’importance de la modélisation
thermodynamique et I’histoire de CALPHAD (“CALculation of PHAse Diagrams”).
Nous présentons également la procédure d’évaluation critique et de modélisation utilisée
dans cette thése. Enfin, nous décrivons briévement le systtme FACT (développé a

PEcole Polytechnique de Montréal) utilisé dans le cadre de la présente étude.

Dans le Chapitre 3, nous décrivons en détail les différents modéles thermodynamiques
utilisés. Ces modeles thermodynamiques de solutions sont tous physiquement réalistes :
une expression satisfaisante de ’entropie configurationnelle de la solution a été utilisée.
Le nombre de parametres requis pour chaque solution a ainsi pu étre minimisé et la
capacité de prédiction de chaque modéle s’est avérée excellente. Nous discutons
¢galement dans le Chapitre 3 des avantages des modeles utilisés par rapport a d’autres
modeles plus anciens. Nous avons développé un nouveau Modeéle d’Associés pour
’acier liquide de fagon a expliquer les équilibres de désoxydation dans le fer liquide. A

I’aide d’un seul paramétre (indépendant de la température), ce nouveau modéle décrit



bien les phénomenes de désoxydation pour de forts agents désoxydants tels que Ca, Mg
et Ba. Pour la premiere fois, ces équilibres de désoxydation ont pu étre expliqués car le
Formalisme des Parametres d’Interaction de Wagner n’en donnait pas une bonne
description. Le nouveau modele développé s’applique également aux équilibres de
désoxydation impliquant tous les agents désoxydants classiques du fer liquide et requiert

moins de parametres que le Formalisme des Paramétres d’Interaction de Wagner.

A Taide des modeles thermodynamiques décrits dans le Chapitre 3, nous avons
modélisé les phases solides et liquides de 5 systémes binaires, 9 systemes ternaires et 5
systemes multicomposants liés au systeme CaO-MgO-Al,0;-Si0,-FeO-Fe;O3-MnO-
CrO-Cr;03-Co0O. Les résultats sont présentés dans les Annexes I-X. En particulier, la
solution solide de spinelle modélisée dans cette étude est la seule banque de données au
monde de cette envergure. Elle se rapporte au systeme Fe-Mg-Al-Cr-Co-Ni-Zn-O qui
est important pour la corrosion de 1’acier, des réfractaires, des céramiques, efc. La
solution liquide d’oxydes et la solution solide de monoxyde ont été modélisées. Des
solutions solides étendues de silicates telles que ’olivine, le pyroxéne et la wollastonite

ont également été¢ modélisées.

Les mod¢lisations réalisées sont toutes compatibles entre elles et sont de plus
compatibles avec les banques de données d’alliages et de sels du systéme FACT. Les
propriétés thermodynamiques des systémes multicomposants peuvent étre prédites avec
une bonne précision a partir des paramétres obtenus pour les sous-systémes d’ordre

inférieur (binaires et ternaires).

Les banques de données thermodynamiques développées pour les systémes d’oxydes et
le fer liquide peuvent étre incorporées aux autres banques de données de FACT. Elles
peuvent étre utilisées avec un logiciel de minimisation de 1’énergie de Gibbs (inclus
dans le syst¢tme FACT) pour calculer des diagrammes de phases variés, des propriétés

thermodynamiques, des équilibres de phases, etc. Grace a ces banques de données, une
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plus grande variété de procédés industriels et géologiques pourra étre simulée a 1’aide du

systeme FACT.

De fagon a montrer la fiabilité et ’utilité des banques de données développées dans cette
é¢tude, nous avons considéré a titre d’exemple des procédés complexes d’aciérage:
I’ingénierie des inclusions (Annexe X) ainsi que la simulation de la décarburation par

I’oxygene sous vide (DOV) mise en jeu pour des aciers inoxydables (Chapitre 4).

Les phases et systemes évalués et modélisés dans la présente étude sont résumés ci-

dessous:
Phases:

Solution liquide d’oxydes (laitier): Si0,-CaO-MgO-AlO;s-FeO-FeO;s-MnO-CrO-
CI’O],5-COO

Spinelle: (Fe**, Fe** Mg, AI**, Cr**,Cr*,Co?**,Co*")"

[Fe*",Fe** , Mg, AI**,Cr’,Co*,Co*,Val) O,
Olivine: [Ca, Mg, Fe**, Mn*", Co? ™[Ca, Mg, Fe**, Mn**, Co* M!Si0;
Pyroxéne: [Ca, Mg, Fe* M [Mg, Fe**, Fe®*, AP M\(Si, Fe**, AI*")®Si*Og
(clino-, ortho-, proto-pyroxéne)
[Ca,Mg™[Mg]™'Si,0 (bas clino-pyroxéne)

Monoxyde: (Mg®*,Ca** ,Fe** Mn*",Co** Fe** AI**,Cr** }(0%)

Wollastonite: (Ca, Mg, Fe, Mn)SiO;
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o-Ca,Si04 et a'-Ca,Si0s4: [Ca, Mg, Fe, Mn},Si04

Composés stoechiométriques unaires, binaires et ternaires: CoO (solide et liquide),
CazMgS1,05 (merwinite), Ca;MgSi,O; (akermanite), CaMg;Al 16027, CaMgyAly5046,
CazMgAl4O19, MnALOs (galaxite), MnpAlsSisOi3 (Mn-cordierite), Mn3AlSi;0;
(spessarite), Mg4Al;¢Si,Sizs (sapphirine), Mgy AlsSisOis (cordierite), de méme que tous
les constituants des solutions solides.

Fe liquide: Equilibres de désoxydation pour Fe liquide contenant (comme solutés) Al, B,

Ba, C, Ca, Ce, Cr, Hf, La, Mg, Mn, Nb, Nd, Ta, Ti, Th, Si, V et Zr.

Systéemes:

(1) Systéme CaO-MgO-SiO, (Annexe I)

Nous présentons I’évaluation critique et la modélisation des diagrammes de phases et
propriétés thermodynamiques du systéeme CaO-MgO-SiO, a une pression totale de 1
bar. La solution liquide d’oxydes a été modélisée a 1’aide du Modele Quasichimique
Modifie, et les énergies de Gibbs des solutions solides d’olivine et de pyroxéne ont été
modélisées a ’aide du “Compound Energy Formalism”. Nous avons obtenu un
ensemble de parametres des modéles pour toutes les phases, permettant de reproduire
(dans la limite des erreurs expérimentales) I’ensemble des données thermodynamiques
et d’équilibres de phases disponibles, de 25°C jusqu’aux températures du liquidus sur
toute la gamme de composition. Les banques de données des paramétres peuvent étre
utilisées avec un logiciel de minimisation de 1’énergie de Gibbs (disponible dans FACT)

pour calculer n’importe quelle section d’intérét.

(2) Systéeme Mg-Fe-O (Annexe 1)
Nous présentons I’évaluation critique et la modélisation thermodynamique des données
expérimentales disponibles pour le syst¢tme FeO-Fe;03-MgO a une pression totale de 1

bar. Les parametres des modeles obtenus reproduisent (dans la limite des erreurs



Xiii

expérimentales) I’ensemble des données thermodynamiques et structurales ainsi que les
diagrammes de phases pour le systtme FeO-Fe,03-MgO. Aucun paramétre ternaire n’a
¢té requis. Pour la phase spinelle, nous n’avons utilisé aucun paramétre du modéle pour
les énergies d’interaction entre cations sur un méme sous-réseau. L’utilisation d’un
modele thermodynamique approprié pour chaque phase permet de minimiser le nombre
de paramétres requis et améliore la qualité de I’extrapolation dans les systemes
multicomposants a partir des paramétres binaires et ternaires. Les paramétres des
mod¢les obtenus peuvent étre utilisés avec un logiciel thermodynamique couplé a des
banques de données (tel Factsage) pour calculer des équilibres de phases sous des

conditions données et modéliser des procédés industriels et géologiques variés.

(3) Systeme MgO-FeO-Fe;0;-Si0, (Annexe III)

Les phases liquide et solides du systéme FeO-Fe,0;-MgO-SiO, ont un rdle important
dans le domaine des céramiques, de la métallurgie et de la pétrologie. Nous présentons
’évaluation critique et la modélisation des diagrammes de phases et propriétés
thermodynamiques de ce systéme & une pression totale de 1 bar. Nous avons obtenu des
equations optimisées pour les propriétés thermodynamiques de toutes les phases,
permettant de reproduire (dans la limite des erreurs expérimentales) I’ensemble des
données thermodynamiques et d’équilibres de phases disponibles, de 25°C jusqu’aux
temperatures du liquidus a toute composition et toute pression partielle d’oxygene. Les
banques de données des paramétres peuvent étre utilisées avec un logiciel de
minimisation de I’énergie de Gibbs (disponible dans FACT) pour calculer n’importe

quelle section d’intérét.

(4) Systemes MgO-Al,0;, CaO-MgO-ALO; et MgO-A1,0;3-SiO;, (Annexe V)

Nous avons effectué ’évaluation critique de I’ensemble des diagrammes de phases et
données thermodynamiques disponibles pour les systémes MgO-Al, 03, CaO-MgO-
Al,O3 et Mg0O-Al,03-Si0,. Une banque de données des paramétres des modeles a ainsi

pu étre obtenue. Un trés petit nombre de paramétres a permis de reproduire (dans la



Xiv

limite des erreurs expérimentales) la large gamme des données disponibles. La présente

banque de données permet de calculer n’importe quelle section a toute composition.

(5) Systemes MnO-Al,0; et MnO-A1,0;-SiO; (Annexe V)

Nous avons effectué 1’évaluation critique et la modélisation de I’ensemble des
diagrammes de phases et données thermodynamiques disponibles pour le systéme MnO-
Aly05-810;. Une banque de données des paramétres des modeles a ainsi pu étre obtenue.
Toutes les données sont reproduites dans la limite des erreurs expérimentales. A 1’aide
du modele et de la banque de données développés pour Dacier liquide et a 1’aide du
logiciel de minimisation de I’énergie de Gibbs du systeme Factsage, nous avons effectué
des calculs thermodynamiques appliqués au contréle des inclusions d’un acier désoxydé
par Mn/Si. Les résultats des calculs sont en bon accord avec les données expérimentales.
Cela montre ainsi la capacité des banques de données thermodynamiques développées a
prédire des €quilibres d’intérét pour 1’ingénierie des inclusions. Lors de développements
futurs, notre banque de données sera intégrée a la banque de données existant pour le

systeme S10,-Ca0-MgO-Al,03-FeO-Fe;0;3-TiO-Ti0,-CrO-Cr,0s3-S.

(6) Systeme CaO-MnO-Al,03-Si0; (Annexe VI)

Les propriétés thermodynamiques du systéme CaO-MnO-Al,03-Si0, ont été modélisées
en utilisant ’ensemble des données thermodynamiques et diagrammes de phases
disponibles. Les solutions solides ont été modélisées a 1’aide d’une expansion
polynémiale pour les énergies de Gibbs en excés et a ’aide du “Compound Energy
Formalism”. Le Modé¢le Quasichimique Modifié a été utilisé pour le laitier liquide. Les
diagrammes de phases calculés sont présentés. Les équilibres entre les inclusions et un
acier a base de Mn/Si ont été calculés a ’aide du systéme Factsage (1), en utilisant la
banque de données obtenue pour le systéme d’oxydes ainsi que la banque de données
prealablement développée pour les solutions liquides de Fe. Ces banques de données ont
pu €tre testées en comparant les résultats des calculs aux données expérimentales. Nous

avons pu prédire des domaines de composition Mn/Si (caractérisant I’acier liquide)



XV

permettant d’obtenir des inclusions déformables lors du tréfilage d’aciers a base de
Mn/Si (impliqués dans la fabrication de pneus) et lors du laminage de 1’acier Fe-36%Ni
Invar. Enfin, nous discutons de ’effet sur les inclusions de laitiers de surface a base de

CaO.

(7) Systeme Mg-Cr-Al-O (Annexe VII)

Nous avons effectué I’évaluation critique et la modélisation de I’ensemble des données
thermodynamiques et diagrammes de phases disponibles pour le systtme MgO-Al,Os-
CrO-Cr,03 a une pression totale de 1 bar. Les parametres des modé¢les obtenus
reproduisent (dans la limite des erreurs expérimentales) I’ensemble des données de 25°C
jusqu’aux températures du liquidus et pour des pressions partielles d’oxygene
inférieures a 1 bar. L’évolution avec la pression partielle d’oxygéne de la température de
fusion de MgCr;04 et du diagramme de phases MgO-Cr,O3 est expliquée pour la
premiere fois. Les équilibres de phases peuvent étre calculés a des températures,
compositions et pressions partielles d’oxygene pour lesquelles aucune donnée n’est

disponible.

(8) Systeme Fe-Co-O (Annexe VIII)

Nous avons effectué 1’évaluation critique et la modélisation thermodynamique des
systemes CoO-Co304 et Fe-Co-O sur toute la gamme de composition et de température
pour des pressions partielles d’oxygéne inférieures a 100 bars. Les solutions solides de
cobaltwustite et de spinelle ont été modélisées respectivement a 1’aide d’une expansion
polynomiale pour les énergies de Gibbs en exces et a ’aide du “Compound Energy
Formalism”. Le Modele Quasichimique Modifié a été utilisé pour le laitier liquide.
D’aprés notre étude, le diagramme de phases proposé par Muan pour le systéme Fe-Co-
O est susceptible d’étre erroné et est inconsistant avec les autres données
expérimentales. Nous proposons dans cette étude de nouveaux diagrammes de phases

(calculés) pour les systemes CoO-Co3;04 et Fe-Co-O.
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(9) Systéme Fe liquide (Annexe IX)

Un nouveau modeéle de désoxydation (Modéle d’Associés) a été développé pour le fer
liquide. Ce modéle est appliqué a des équilibres généraux de désoxydation pour Fe
liquide contenant (comme solutés) Al, B, Ba, C, Ca, Ce, Cr, Hf, La, Mg, Mn, Nb, Nd,
Ta, Ti, Th, Si, V, Zr. Les courbes de désoxydation pour Ca, Mg et Ba sont expliquées

pour la premiere fois.

Dans I’Annexe X, nous présentons des calculs d’intérét pour I’“ingénierie des
inclusions”, réalisés a partir des banques de données développées. Nous abordons
différentes études de cas concernant des procédés complexes d’aciérage tels que:
procédés d’injection de Ca (diagramme d’inclusions Fe-Ca-Al-O), corrosion des
réfractaires, désoxydation par Mn/Si, désoxydation par Ti/Al (diagramme d’inclusions
Fe-Al-Ti-O), formation de spinelle (diagramme d’inclusions Fe-Mg-Al-O), formation

d’inclusions (Ti,N)(N,C), métallurgie des oxydes.
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1. Introduction

The oxide system containing CaO, MgO, Al,Os, SiO,, FeO, Fe,03, MnO, CrO, Cr,0s,
CoO, etc. is of great importance in the fields of metallurgy, ceramics and geology. The
phases appearing in this system are: liquid oxide (slag), extensive solid solutions such as
spinel, olivine, pyroxene, monoxide, efc., and numerous stoichiometric compounds. In
industrial and natural processes, oxide phases are often present along with gas, alloy
phases, etc. These chemical processes are often difficult to understand due to their
complexity. In order to solve practical problems and to understand the complex
phenomena in these processes, therefore, a large body of experimental data has been

acquired over the years at great expense.

Over the last three decades, computational thermodynamics has progressed apace with
the progress of computer power. With the advances in computational thermodynamics,
more and more applications to industrial processes are being carried out. A crucial and
necessary requirement for accurate thermodynamic calculations in complex systems is
the availability of accurate thermodynamic databases. The Center for Research in
Computational Thermochemistry (CRCT) at Ecole Polytechnique has developed
accurate and extensive databases for oxides, salts and alloys, as well as the FactSage™

thermodynamic computational software, over the last 25 years.

The goal of the present study is to extend the present FactSage oxide databases to wider
applications in industrial and natural processes. For the development of the databases,
the ‘critical thermodynamic evaluation/optimization’ technique is used. In the
thermodynamic optimization of a chemical system, all available thermodynamic and phase
equilibrium data are evaluated simultaneously in order to obtain one set of model equations
for the Gibbs energies of all phases as functions of temperature and composition. From
these equations, all of the thermodynamic properties and the phase diagrams can be back-

calculated. In this way, all the experimental data are rendered self-consistent and



consistent with thermodynamic principles. Thermodynamic property data, such as activity
data, can aid in the evaluation of the phase diagrams, and phase diagram measurements can
be used to deduce thermodynamic properties. Discrepancies in the available data can often
be resolved, and interpolations and extrapolations can be made in a thermodynamically

correct manner.

In the present study, 5 binary, 9 ternary and 5 multicomponent sub-systems in the CaO-
MgO-A1,0;-Si0,-FeO-Fe,05-MnO-CrO-Cr,03-CoO system are optimized. All solid
and liquid phases containing these components, such as liquid oxide, spinel, olivine,
pyroxene, monoxide, wollastonite, efc., are optimized using thermodynamic models
based on their solution structure. All thermodynamic models used in this study show
high predictive capacity in multicomponent systems. The thermodynamic models for
each liquid and solid phase will be discussed in Chapter 3. The optimized results of

each sub-system will be presented in Appendices I to VIIIL.

A new Associate Model has been developed in the course of the present work in order to
model deoxidation phenomena in liquid Fe. In particular, the new model can easily
explain the deoxidation phenomena of strong deoxidants such as Ca, Mg and Ba, which
cannot be explained by the classical Wagner Interaction Parameter Formalism. The
model can be applied to deoxidation equilibria of all common deoxidants in liquid Fe.

The new model and optimized results will be discussed in Appendix IX.

Finally, in order to show the accuracy and applicability of the present optimized
databases, two examples are given which are very sensitive to the accuracy of the
thermodynamic databases: inclusion engineering (Appendix X) and vacuum oxygen

decarburization (VOD) process simulation (Chapter 4) in steelmaking processes.



2. Thermodynamic modeling
2.1 History of CALPHAD

CALPHAD is an acronym for the CALculation of PHAse Diagrams. It can perhaps be
better described as: “The Computer Coupling of Phase Diagrams and

Thermochemistry.”

Phase diagrams are used by scientists and engineers to understand thermodynamic phase
equilibria. ~ However, in many cases, there are difficulties in constructing and
interpreting phase diagrams, especially for ternary and higher-order systems.
Furthermore, almost all real materials are multicomponent in nature, and phase diagrams
for these systems are not well-known. Thus, with the advance of computing technology,
an attempt to construct multicomponent thermodynamic databases began in the late
1960’s in order to understand the phase equilibria and thermodynamic properties of

multicomponent systems.

All types of thermodynamic information such as phase diagrams, phase equilibria,
activities, efc. are critically evaluated and optimized simultaneously, using proper
thermodynamic models in order to construct multicomponent databases. This is the
CALPHAD technique. In order to explain the thermochemistry of materials, many new
thermodynamic models for complex phases with complex structures have also been
developed. From the resultant databases of model parameters for lower order (binary +
ternary) subsystems, the thermodynamic properties of multicomponent solutions can be

predicted with good accuracy.

Several research groups performing thermodynamic modeling using the CALPHAD
method have been formed worldwide. The Thermo-Calc group (Thermo-Calc, 2002) at
KTH in Sweden, the THERMODATA group (THERMODATA, 2002) in France,



Thermotech Inc. (Thermotech, 2002) in the UK, and thermochemical group at NIST
(NIST, 2002) in the USA, the FACT group (FactSage, 2002) (led by A. Pelton and C.
Bale in cooperation with G. Eriksson at GTT Technology in Germany) at Ecole
Polytechnique in Canada, the MTDATA group (MTDATA, 2002) at NPL in the UK
and the IRSID group (led by H. Gaye) in France may be mentioned among others.
Furthermore, the Scientific Group Thermodata Europe (SGTE, 2002) has been
organized as a consortium of research groups to accelerate the development of alloy
databases. The commercial databases and thermochemical software developed by these
groups have been applied to interpreting and understanding complex systems
academically and industrially. Based on these thermodynamic databases, kinetic
processes are recently also being simulated using programs such as DICTRA (Thermo-

Calc, 2002) for multicomponent diffusion in alloys.

Recently, new approaches to thermodynamic modeling have been conducted with the
aid of faster computing systems. Among these are first principle calculations. The first
principle calculation technique starts from the fundamental physics of atoms composing
a lattice. This technique is used to examine the fundamental chemistry of materials such
as what structure is stable at a certain temperature and pressure. However, these
techniques are still in the initial stages and cannot yet be applied quantitatively to
complex systems. Therefore, combinations of first principle calculations and the

CALPHAD technique are currently popular.

In conclusion, the CALPHAD technique is still the best choice for the development of

thermodynamic databases for applications to complex industrial processes.



2.2 Critical Evaluation/Optimization

In a thermodynamic “optimization” of a system, all available thermodynamic and phase-
equilibrium data are evaluated simultaneously in order to obtain one set of model
equations for the Gibbs energies of all phases as functions of temperature and
composition. From these equations, all of the thermodynamic properties and the phase
diagrams can be back-calculated. In this way, the data are rendered self-consistent and
consistent with thermodynamic principles. Thermodynamic property data, such as
activity data, can aid in the evaluation of the phase diagram, and phase diagram
measurements can be used to deduce thermodynamic properties. Discrepancies in the
available data can often be resolved, and interpolations and extrapolations can be made
in a thermodynamically correct manner. A small set of model parameters is obtained.

This is ideal for computer storage and calculation of properties and phase diagrams.

2.2.1 Procedure of Evaluation/Optimization

1) Define the system of interest.

2) Collect all available literature:
- Thermodynamic data: Phase equilibria (phase diagrams, two- or three-phase
equilibria among solids/liquid/gas), calorimetric data (heat capacity, enthalpy of
formation and enthalpy of mixing), vapour pressures (Knudsen cell, Langmuir
method), chemical potentials (emf), activities, etc.
- Structural data: Cation distributions between sublattices, lattice parameters, etc.
- Physical properties such as magnetism, conductivity, efc. may sometimes aid in the
evaluation of the system.
- Also, if enough data are not available to define the thermodynamic properties of
the system, useful data may be available from a higher-order system of which the

system of interest is a sub-system.



3)

4)

S)

Choose the appropriate thermodynamic model based upon the structure of the phase:
This is very crucial to the construction of an accurate multicomponent database
because only a good physical model based on the structure of the phase, can yield
good predictions of multicomponent solution properties from lower-order (binary +

ternary) model parameters.

Critical evaluation of experimental data:

The quality of the literature data must be evaluated before doing the optimization.
Often, the experimental data in one article are different from others by more than the
experimental error limits. Moreover, although two articles report different types of
experimental data, they can be compared using thermodynamic functions and may
turn out not to be consistent with each other. Therefore, all articles should be
evaluated critically based on the experimental techniques, sample preparation and
analytical methods. All possible experimental errors should be considered during

the evaluation.

Sometimes, when it is difficult to evaluate the accuracy of thermodynamic data
solely from the description of the experimental technique, the accuracy of the data
can also be judged during the optimization of the entire system. In certain cases, the
accuracy of the experimental data in lower-order systems can be evaluated from the

experimental data in higher-order systems by extrapolation.

Optimization of model parameters for the system:

Once the initial evaluation of experimental data is completed, one can start the
optimization of the selected model parameters for each model based on the reliable
experimental data. Usually, in this stage, optimization software (based for example

on a least-square regression code) can be used for the optimization of the system.



6)

Optimization of model parameters should be continued until back-calculation

reproduces the reliable experimental results within experimental error limits.

In the case of the ternary and multicomponent oxide systems examined in the
present study, the initial prediction from the models using only the binary model
parameters was generally good, so that at most a few small ternary parameters were
required. Hence, the optimization of the ternary and higher-order systems could be

performed by trial and error without requiring optimization software.

Back-calculation of all thermodynamic data and phase diagrams of interest:
From the thermodynamic models, using the optimized model parameters, any type
of thermodynamic calculations can be made. For the calculations, the FactSage™

(FactSage, 2002) thermochemical software was used in the present study.



2.3 FactSage™

FactSage (FactSage, 2002; Bale et al., 2002) is the fusion of the FACT-Win/F*A*C*T
and ChemSage/SOLGASMIX (Eriksson and Hack, 1990) thermochemical packages that
were founded over 25 years ago. The FactSage package runs on a PC operating under
Microsoft Windows and consists of a series of information, database, calculation and
manipulation modules that enable one to access and manipulate databases for pure
substances and solutions. With the various modules one can perform a wide variety of
thermochemical calculations of interest to chemical and physical metallurgists, chemical
engineers, corrosion engineers, inorganic chemists, geochemists, ceramists,
electrochemists, environmentalists, efc. Currently, FactSage is installed in well over
200 universities around the world where it is used as a research tool and educational aid.
Also well over 200 industrial users from various fields use FactSage to solve technical

problems and perform research and development for industrial processes.

FACT databases

1) Compound (pure substance) database: over 4,400 compounds for solid, liquid,
gaseous and aqueous phases.
2) Solution databases:
- 120 non-ideal multicomponent phases for solid and liquid oxide, sulfide and
salt phases and solid and liquid alloys
- Recently, the Steel database (updated from the SGTE alloy database)
containing over 60 non-ideal multicomponent alloy and carbonitride phases for

14 components.

The FACT solution database contains consistently assessed and critically evaluated
thermodynamic data for Si0,-Ca0-Al,03-MgO-FeO-MnO-CrO-Cr,03-Ti0,-Tiy0s-
NiO-CoO-Cu;0-Nay0-K,0-Zr0,-B,03-PbO-Zn0O melts/glasses with dilute solutes S-



SO4-PO4-CO;-F-Cl-I-OH-H,0. Many solid oxide solutions of these components are
also stored: monoxide, spinel, perovskite, pseudobrookite, melilite, olivine,
wollastonite, etc. Most solid and molten salt solutions of the system Li, Na, K, Rb, Cs,
Mg, Ca/F, CI, Br, I, SO4, CO3, OH, NOs are also available as well as liquid sulfides
(mattes) Fe-Ni-Co-Cr-Cu-Pb-Zn-As-S, several alloys such as dilute liquid steel, Pitzer
parameters for concentrated aqueous solutions, etc. The FACT solution databases are
being constantly extended and updated through a large internationally-funded research

program.



10

2.4 Goal of the present study

The goal of the present study is to construct thermodynamically consistent databases for
industrially important oxide syst'ems for the Industrial Consortium Project funded by 16
companies worldwide: (CRD grant from the Natural Sciences and Engineering Research
Council of Canada in collaboration with INCO, Noranda, Rio Tinto, Teck Cominco,
Alcoa, Dupont, Shell, Corning, Pechiney, Norsk Hydro, Sintef, Schott Glas, St.-Gobain
Recherche, Mintek and IIS Materials.)

Numerous binary, ternary and multicomponent sub-systems (including all solid and
liquid phases) in the CaO-MgO-Al,0;-Si0,-FeO-Fe;03-MnO-CrO-Cr,03-CoO system
were critically evaluated and optimized during the course of the present study. All
oxide systems were optimized to be self-consistent and consistent with the alloy and salt
databases of FACT. In this way, the optimized database can be incorporated with the

existing FACT databases in order to increase the accuracy and range of applications.
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3. Thermodynamic modeling of solid and liquid solution phases

In order to describe the thermodynamic properties of complex solid or liquid solutions, a
certain sophisticated thermodynamic model, correctly based on the actual structure of
the solution, is necessary. Only in this way can the contribution of the configurational
entropy to the Gibbs energy of the solution be properly taken into account. A proper
physical model can describe the thermodynamic propertie‘s of the solution with only a
small number of model parameters. Only when the model is properly based on the real
structure of the solution can it have high predictive ability (for predicting properties of

multicomponent solutions from model parameters of lower-order systems.)

Basic equations

The standard Gibbs energy of a pure i component is written as:

G® =H®-TS? (3.0.1)

where G?, H and S; are the standard Gibbs energy, enthalpy and entropy of i,

respectively, and T is the absolute temperature.

When components A and B are mixed to form a solution, the Gibbs energy of solution

becomes dependent on interactions between A and B.

For example, the Gibbs energy of an ideal solution can be written as:

G" =(gan, +gpny ) —T4S™" (3.0.2)

A8 = —RT(n InX , + nylnX ) (3.0.3)
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where G" is the molar Gibbs energy of solution and g; is the molar Gibbs energy of
component i. A4S is the molar configurational entropy of solution. The ideal solution

model assumes no inteaction between A and B in solution. However, in the general
case, the interactions between components are not zero, so the Gibbs energy of solution

can be written as:

G™ = (g5n, +g5n, )~ TAS™ +G® — T4 S (3.0.4)

where G" is a mixing enthalpy often expanded as a polynomial in the mole fractions:

G®=>qh. X\ X} (3.0.5)

iJ

where the excess interaction parameters g%, ( = a + bT + cI° + ...) can be also
dependent on temperature. When only g', is used to describe the thermodynamic
properties of a solution, it is called a “regular” solution. When the ¢?, are dependent

on temperature the non-configurational entropy of solution 4S™" " is non-zero.

Mode! development

Although the thermodynamic properties of binary solutions may often be adequately
reproduced using a polynomial expansion for the excess Gibbs energy as in equation
3.0.5, the properties of ternary or higher-order systems are generally poorly predicted
from such simple polynomial-based models. This results from the failure of the model
to properly describe the configurational entropy of the solution. When the
configurational entropy is not well described by the model, many large arbitrary

temperature- and composition-dependent excess model parameters are usually required,
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and the non-configurational entropy terms of the model becomes very large. This

results in poor predictive ability.

Therefore, one of the most important factors in the development of a model for a given
solution is how well the model can describe the configurational entropy of the solution
without the addition of large arbitrary model parameters. That is, the real structure of

the solution must be taken into account in the model.

In the present study, solutions such as liquid oxide, spinel, olivine, pyroxene and
monoxide, efc. are described using different thermodynamic models, based on the
solution structures. The details of each solution structure and the dedicated model used
in the present study are described in the following section. The differences between the

present models and previous models are also discussed.
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3.1 Liquid oxide (Slag)
3.1.1 Melt structure

Silicate slags are built up of Si atoms which are surrounded by 4 oxygen atoms arranged
in the form of a tetrahedron. These SiO, tetrahedra are joined together in chains or rings
by bridging oxygens (BO). Cations such as Na®, Ca**, Mg®*, Mn**, Fe**, etc. tend to
break these bridging oxygens and form non-bridging oxygens (NBO), O, and free
oxygen ions, O”. Silicate melts contain various 3-dimensionally interconnected anion
units such as SiOz, Si,05”, Si,0s", Si,07” and SiOs* which coexist in the melt. The
degree of depolymerization of a silicate melt is often expressed by the ratio (NBO/T).
(T is the number of tetrahedrally coordinated atoms such as Si). The physical properties
of the melts such as viscosity, thermal conductivity etc. are very dependent on the

(NBO/T) ratio. Figures 3.1 and 3.2 show the schematic structure of silicate melts.

® sificon O oxygen @ sodium

Figure 3.1 : Schematic representation of the structure of sodium silicate glass. (After

Warren and Biscoe, 1938)
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Figure 3.2 : Examples of discrete silicate anions thought to exist in liquid acid silicates.

(after Bockris et al., 1954)
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3.1.2 Thermodynamic models

3.1.2.1 Previous models

Reciprocal lonic Liguid Model

The Reciprocal Ionic Liquid Model was developed by Hillert, Jansson, Sundman and
Agren (1985). This model supposes the two sublattices in the liquid. For example, in
the CaO-MgO-8iO; system (Huang et al., 1995), the liquid structure is formulated as:

(Ca®* Mg”"x(Si0s*, 0%, $i0,") (3.1.1)

where P and Q indicate the number of sites on each sublattice, which can vary with

composition in order to maintain electroneutrality.

P:4ySiO:_ + Vo (3.1.2)

O=2y o 20 =2 (3.1.3)

where y is the site fraction; i.e., the fraction of the species on a particular sublattice. The

Gibbs energy of the liquid for one mole of formula unit is given by:

G" = yCaZ+ ySio:' G(Caz*)4 (Si0 ™), + yMg“ySiOZ‘ G(Mgz*)‘,(SiO:’)z
T Ve Yor Olcar 0y, T Vg Yor Cogror,om,
+ stmg GSiog G.1.4)
+ PRT (yCa“ In Ve T Ve In yMg“)

+ QRT(ySiOQ‘ In ySin’ tVor In Yor + ySiOS' In ySiO(z) )+ G*
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where the Gj; parameters refer to one mole of formula unit of various stoichiometric

compositions, G , is the Gibbs energy of liquid SiO,, and G® is the excess Gibbs

energy:

Gt = ZZZyiyjykLi,jzk +Zzzyiyky]l’i:k,l
P K Pk 1

ty ca* Y Mg?* Yor-¥ Sio}- LCa“,Mg“:o2'Sioi“

(3.1.5)

where i and j are species on P sites and k and / are species on Q sites. The L parameters

are expanded as Redlich-Kister polynomials:

L, = Z mLi,j:k O - yj)m and L, = Z "Ly =y (3.1.6)

m

The Ionic Liquid Model has been applied to several systems (Huang et al., 1995;
Hallstedt 1990, 1992, 1995). However, as mentioned by Hallstedt (1995), often the
ionic species defined in the binary systems are not enough to reproduce the properties of
ternary systems, so certain modifications of the structural formulae must often be made.
That is, often the model has poor predictive ability for ternary or higher-order systems.
This is because the structure is not properly taken into account in the model. The
assumption of two sublattices is “artificial.” Therefore, this results in difficulties in the

development of multicomponent liquid oxide databases.
Cell model

Kapoor and Frohberg (1973) applied their “cell” model to the ternary system CaO-FeO-
SiO,. They envisaged that mixing occurs by formation of three ‘asymmetric cells’
obtained by a reaction between ‘symmetric cells’ of the metallic oxides and silica. For

the CaO-Si0O, system, the formation energy for the asymmetric cell is denoted Wi,
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where the subscripts 7 and S denote the combination of ‘symmetric’ cells from CaO and
'Si0,. In addition, interactions between the various symmetric and asymmetric cells

were considered such that

€11ss = 281555 3.1.7)

where ¢, tepresents the interaction between the symmetric CaO and SiO; cells and

€555 Tepresents the interaction between the asymmetric cell formed between CaO and

S10, and the symmetric silica cell. This was expanded with the addition of FeO so that
the two further asymmetric cells are formed with energies W;s and W, where J
represents the FeO cell, and the additional interaction energies between the cells were

related in the following way:
€ryss = €rsss T Eusss (3.1.8)

where €5 is the interaction energy between the asymmetric cell formed between FeO

and Si0; and the silica cell. It was further assumed that interaction terms were

negligibly small in comparison to the cell formation energies and that ¢, /kT and
€,5ss / kT were small compared to unity. Based on these assumptions they were able to

define the Gibbs energy of mixing in a system such as CaO-FeO-SiO; as:

AGm___?’NS (I_NS)
RT 2
+(N, =R —R,,))In(N, -R,s —R,,)
+(NJ -RJS _R]J)ln(NJ —RJS —RI./)
+(Ng —Rjs — Ry )In(Ng —R;s —R ;)
+2R s InR; +2R s InR,; +2R,, InR,,
. 2W R N 2W R ¢ N W, R, + 2e(1- N )(Ng — Ry — Ry5)
RT RT RT RT

InNg - Inl-Ng)-N,InN,-N,InN,

(3.1.9)
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where

(3.1.10)

where i represents either CaO or FeO and »; and n, are the numbers of moles of CaO,

FeO and Si10;. The interaction parameter ¢ is given by:

-
Z, €555
P

€ Z (3.1.11)
ni
and the various values of R;; s are equal to:
By
R; Z—Zni +on, (3.1.12)
; 2w,

(N; = Rig =R ;) (N, —Rjs —R;,) = R}, exp(— RT ) (3.1.13)
2W 2e(1-Ny)

(N, ~R;s =R, )(Ng = Rjs — Ry5) = Rjs exp(~ R—]If) eXp(—?S“‘) (3.1.14)
2W 2e(1-Ny)

(N, ~R,s—R,,))(Ng—R;s —R,5) =R exp(—R—YJf) exp(— —RF—S—) (3.1.15)

where the r; are the numbers of moles of the different asymmetric cell types. In
equation (3.1.9), it can be seen that the first five lines correspond to the configurational
entropy term. This is no longer ideal because of preferential formation of the various
asymmetrical cells and the system effectively becomes ordered. Such ordering is a

feature of ionic systems and will also be discussed in the next section on the
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quasichemical model. Gaye and Welfringer (1984) extended the cell model to

multicomponent systems.

3.1.2.2 Present model: Modified Quasichemical Model

The Modified Quasichemical Model for short-range ordering has been developed by
Pelton and Blander (1984, 1986). Recently, the model has been summarized (Pelton et
al., 2000; Pelton and Chartrand, 2001).

For a binary system, consider the formation of two 1-2 pair bonds from a 1-1 and a 2-2

pair:

(1-1) + (2-2) = 2(1-2) (3.1.16)

Let the molar Gibbs energy change for this reaction be A4g,, =(w-#nT). Let the

coordination numbers of 1 and 2 atoms or molecules be Z; and Z,. The total number of
bonds emanating from an i atom, ion or molecule is Z.X;. Hence, mass balance equations
can be written as

Z,X,=2n,,+n, Z,X,=2n,,+n, (3.1.17)

where n;; is the number of i-j bonds in one mole of solution. Equivalent fractions may

be defined as

(3.1.18)

where the total number of pairs in one mole of solution is (Z,X, +Z,X,)/2. Letting

X be the fraction of i-j pairs in solution, Equation (3.1.17) may be written as
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2V, =2X,,+X,, 2V,=2X,+X, (3.1.19)

The molar enthalpy and excess entropy of mixing are assumed to be directly related to

the number of 1-2 pairs:
AH —TS™ " =(Z, X, +Z,X )X ,(w—-yT)/4 (3.1.20)

An approximate expression for the configurational entropy of mixing is given by a one-

dimensional Ising model:

con R
A4S = -R(X,InX, + X,InX,) - 5(Z,X, +Z,X )X, In(X,,/Y7)

(3.1.21)
+X,, In(X,,/Y] )+ X, In(X,,/2Y,Y,)]
Thus, the Gibbs energy of solution can be written as:
G" =(g/ X, +glX,)+ dH —TS™ ™ _TAS" (3.1.22)

The equilibrium distribution is calculated by minimizing G™ with respect to X, at
constant composition. This results in a quasichemical equilibrium constant for reaction

(3.1.16):

) (3.1.23)

When (w-#T)= 0 the solution of Equations (3.1.18) and (3.1.19) gives a random

distribution with X,, =Y, X,, =¥/ and X,, =2Y,Y,, and equation (3.1.21) reduces
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to the ideal Raoultian entropy of mixing. When (w—#T) becomes very negative, 1-2

pairs predominate and the plot of AH —TS™ ™ versus composition becomes V-

shaped and 4S*™ becomes m-shaped with minima at Y; = ¥,= 1/2. When (w—#T) is
positive, (1-1) and (2-2) pairs predominate. The quasichemical model can thus also treat
such clustering which accompanies positive deviations from ideality. The (w—#T)

parameter is usually expanded as a polynomial in the equivalent fractions.

The Modified Quasichemical Model has been applied to the molten slag phase in the
present study. In a binary silicate melt, AO,-SiO; (A = Ca, Mg, Na, Fe, Mn, ...), the

tendency to short-range ordering can be identified with the tendency to form SiO}
ions, or with the break-up of the silicate network and the resultant formation of second-
nearest-neighbor A-Si pairs. At the orthosilicate composition, A4SiO4, a completely
ordered solution can be considered to consist of only A*" cations and SiO%™ anions.
This is equivalent to saying that there are only A-Si pairs and no A-A or Si-Si pairs. An
Si-Si pair can be considered to be joined by a doubly-bonded (bridged) oxygen and an
A-A pair is a pair of cations separated by an O> ion. Hence the quasichemical reaction

is applied for second-nearest-neighbor pairs:

(A-A) + (Si-Si) = 2(A-Si): Ag 1 (3.1.24)

and this is identical to the well-known equilibrium between free, broken (singly-bonded)

and bridged (doubly-bonded) oxygens:

(A-O%-A) + (Si-0°-8i) = 2(A-0™-Si) (3.1.25)
0" +0" =20 (3.1.26)
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For optimizing a given binary AO-SiO, system, the model parameters of the Gibbs

energy of the quasichemical reaction, 4g,.. are optimized, using a minimum number of

parameters, in order to reproduce all reliable phase diagram data and thermodynamic

data in the system.

3.1.3 Discussion

The Modified Quasichemical Model appears to reflect the actual structure of liquid
silicate solutions. For example, the concentrations of the different types of oxygen a
functions of concentration in the CaO-SiO; system, calculated from the optimized
model parameters, are plotted in Figure 3.3. As can be seen in the figure, the calculated
fractions of the different types of oxygen are in excellent agreement with experimental

data obtained by X-ray Photoelectron Spectroscopy (XPS). (Park and Rhee, 2001).

Figure 3.4 shows the predicted phase diagram of the ternary CaO-MgO-Al,0O3 system
calculated using the Modified Quasichemical Model for the slag phase using only
optimized binary model parameters without any additional ternary model parameters.
The Gibbs energies of the three ternary compounds were optimized to reproduce the
phase equilibria. The predicted phase diagram is in excellent agreement with the
experimental phase diagram as will be discussed in Appendix IV. In the majority of
cases, the thermodynamic properties of ternary oxide melts are well described without
any additional ternary parameters, or using one or two very small ternary model

parameters.

Figures 3.5 to 3.8 show the predicted quaternary phase diagram of the CaO-MgO-
Aly0O3-Si0; system. No model parameters were used for the quaternary system. That is,
the thermodynamic properties of the quaternary liquid phase were predicted from the

model using only the binary and ternary parameters obtained in the present study. In all
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cases, the predicted diagrams and thermodynamic properties such as activities are in

excellent agreement with experimental data.

In conclusion, the thermodynamic model used for the molten oxide phase, in the present
study, the Modified Quasichemical Model, adequately represents the actual structure of

liquid slags and also has very high predictive ability for multicomponent systems.

1.0 T T T ; . T T T
Park and Rheé (2004) Ca0-Sio,
¢ free oxygén T =1600°C
0.8 |- u broken bxygen ARA =
e bridged oxygen O,;Q L
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Figure 3.3 : Predicted bond fractions of free (O%), broken (0" and bridged (0% oxygen
in the CaO-SiO; melts from the Modified Quasichemical Model compared with

measurements by XPS.
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Figure 3.4 : Predicted liquidus projection of the CaO-MgO-Al,O; system using the
Modified Quasichemical Model with no additional ternary model parameters for the slag

phase. (See Appendix I'V) .
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Figure 3.6 : Comparison of experimental liquidus projection (a), and predicted liquidus

projection in the present study (b) for the CaSiO;-MgSiO;-Al,05 system.
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Figure 3.7 : Comparison of experimental liquidus projection (a), and predicted liquidus

projection in the present study (b) for the CaO-MgO-Si0,-15wt% Al,O3 system.
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Figure 3.8 : Comparison of experimental liquidus projection (a), and predicted liquidus

projection in the present study (b) for the CaO-MgO-SiO,-30wt% Al,O;3 system.
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3.2 Spinel solution

3.2.1 Crystal structure

The majority of spinel compounds belong to the space group Fd3m. Figure 3.9 shows
the schematic structure of spinel. In this AB>X4 compound, A atoms are located in the 8
tetrahedral positions (represented as small filled circles in the figure), B atoms in the 16
octahedral positions (half filled circles) and oxygen atoms in the 32 positions indicated
by open circles. The unit cell contains 32 oxygens and, therefore, eight AB,O4 formula
units. The lattice parameter corresponding to oxide spinels is approximately 0.8-0.9 nm.
A simple spinel contains two different cations in the ratio 2:1. If the more abundant (B)
of these cations resides on octahedral sites, the spinel is called fully normal. If it is split
evenly between the octahedral and tetrahedral sites, the spinel is called fully inverse.
Generally, both cations in a simple spinel are present on both tetrahedral and octahedral

sublattices, and the spinel is called mixed.

In general, oxide spinels AB,O4 are thermodynamically very stable at 1 bar total
pressure. Well-known spinels are MgAl,O4 (spinel), Fe;O4 (magnetite), FeAl,Oq4
(hercynite), MgFe,O4 (magnesium ferrite), MgCr,04 (magnesium chromite), FeCr,O4
(iron chromite), MnALO4 (galaxite), CoAl,Os, NiALLO4, ZnAlL Oy, NiFe)O4, efc. Some
silicate spinels, Mg,S104, Fe;Si04, Co,Si04 and Ni,Si04 are formed under high pressure
because the olivine structure (A;SiO4) transforms to the spinel structure at high pressure.
Oxide spinels often dissolve y-A,0s oxides such as y-Al,O3, y-Fey03, -Cr,03 and so on.
This results in the introductions of vacancies on octahedral sites and often in wide

ranges of solid solution.

The spinel structure exhibits unique characteristics of cation distributions
(order/disorder). Usually the cation distribution between the tetrahedral and octahedral

sites is unquenchable above a certain temperature (unquenchable temperature, Tynquen)
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because the ordering-disordering process is too fast to be quenched. On the other hand,
it does not reach an equilibrium distribution below a certain temperature (frozen
temperature, T.,) because the ordering-disordering process becomes too slow. In the
case of MgAlLOy4 (Figure 3.10), for example, the cation distribution becomes frozen in
as the samples are cooled below Ttozen ~ 973 K, this temperature being estimated from
the results of Redfern et al. as seen in Figure 3.10. Furthermore, above a temperature of
Tunquen ~ 1200 K, the high temperature cation distribution cannot be retained by
quenching, this temperature being estimated very roughly from the results of Wood et
al, which appear to level off above this temperature. Hence, above ~ 1200 K the cation
distribution can only be determined by in situ measurements. For details, see Appendix

Iv.

Certain spinels are ferro- or antiferro-magnetic. This must also be considered in the
thermodynamic modeling of spinel solutions. Fe;O4 and MgFe,0,4 are ferromagnetic,
with a critical Curie temperature. FeAl,O4 is anti-ferromagnetic with a Néel
temperature. Sharp peaks in the measured heat capacity Cp occur at these temperatures
indicating 2™ order transitions. In some cases such as CoAlyO4, MgCr04, FeCryOs,
etc., other peaks (anomalies) also appear in the measured Cp. These peaks are due to
complex effects of crystal structure change (Jahn-Teller effect) and/or changes of

electron structure (high spin - low spin transition) of the transition metal.
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3.2.2 Thermodynamic model

3.2.2.1 Previous models

Navrotsky and Kleppa (1967). and O’Neill and Navrotsky (1983, 1984)

A simple thermodynamic treatment of cation distributions in simple spinels,

(A7xBx) [AB2..]°04, is formulated as follows (Navrotsky and Kleppa, 1967). T and O
represent tetrahedral and octahedral sites respectively. The enthalpy of disordering is
assumed to be the extent of disordering, x, multiplied by an interchange energy, 4H;ny.

The latter may be thought of as the enthalpy associated with the reaction
AT+B°=A°+B’ (3.2.1)

and is assumed to be independent of the degree of disorder. Then

AHgs = xAH;p = H(x = x) — H(x = 0) (3.2.2)

The entropy of disordering is assumed to be just the configurational entropy

AS4is = Sc = -R[xInx + (1-x)In(1-x) + xIn(x/2) + (2-x)In(1-x/2)] 3.2.3)

Sc varies with the degree of disorder, x. It varies from 0 at x = 0 and increases and
reaches the highest entropy for a random distribution ( x = 2/3) and decreases with
further increase of x. At x = 1 (pure inverse spinel), the configurational entropy is

-2RIn(1/2). The Gibbs energy of disordering is then

AGgis = xAHjp — RTxInx + (1-x)In(1-x) + xIn(x/2) + (2-x)In(1-x/2)] 3.24)
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and, at the equilibrium state, (dGgs/dx) =0,

2

“RTIn[—2
(1-x)(2-x)

1=4H,, (3.2.5)

From cation distributions observed in spinels, a series of values of interchange
enthalpies can be calculated and a set of octahedral site preference energies for cations

in the spinel structure can be obtained.

This simple model can be refined in two ways. Lattice energy arguments suggest that

the interchange energy should depend on the degree of disorder:
xAHi = a+ fx (3.2.6)

and there may be non-configurational contributions to the entropy of disordering. Then,

as suggested by O’Neill and Navrotsky (1983, 1984),
AGgis = x(a + fx) — T(ASc + ASpon-c) (3.2.7)

In general, experimental data are too sparse to determine both the non-configurational
entropy (4Snon-c) terms and the dependence of enthalpy on the degree of disordering,
and O’Neill and Navrotsky chose to ignore A4S,on.c as being smaller in magnitude. At

equilibrium (dGgis/dx) = 0, and neglecting the non-configurational entropy,

2

- RTln[—-x——~
(1-x)2-x)

l=a+2px (3.2.8)

The coefficients a and S are generally of approximately comparable magnitude and

opposite sign. The effects of crystal field stabilization energies are implicitly included in
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this model, since they can be accommodated in . The coefficients « and £ will depend
mainly on the differences in radii and charge of the two ions, but these coefficients must

be determined empirically from observed cation distributions.

O’Neill and Navrotsky (1984) applied this model to spinel solid solutions. After
examining data for a number of spinels, they concluded that the value of the coefficient
S depended mainly on the charge type, with ~ -20kJ/mol for 2-3 spinels (AB,O4 where
A% and B*") and S~ -60kJ/mol for 2-4 spinels (A;BO, where A*" and B*"). Assuming
these constant values of S, a series of values of @, which maintain a meaning of cation
site preference energies, could be calculated and are shown in Figure 3.11. For a spinel
solid solution at any given temperature, the cation distribution is calculated by solving a

set of equilibrium equations involving several pairs of cations.

Several general conclusions can be drawn: (1) The enthalpy and entropy of mixing
depend strongly on temperature because the degree of order is temperature dependent.
(2) The lattice parameter can vary rather nonlinearly with composition, especially at low
temperature for end-members with different cation distributions. A sigmoid variation of
lattice parameter with composition is commonly seen in solid solutions between a
normal and an inverse spinel. (3) The calculated entropies of mixing can be quite
asymmetric, especially for the mixing of a normal and an inverse spinel. This results in
significantly asymmetric Gibbs energies of mixing, not because one invokes Margules
parameters and asymmetry in the enthalpies and vibrational entropies of mixing, but
because the configurational entropy term itself departs from symmetrical behavior. At
low temperature this asymmetry is pronounced and a miscibility gap between a largely

normal and a largely inverse spinel develops.
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Figure 3.11 : Site preference energies in spinels ( after O’Neill and Navrotsky, 1984)

Pelton (1979, 1994)

Pelton and colleagues (Pelton et al., 1979 and Subramanian et al., 1994) developed a
spinel model for (Co,Fe Mn,_ _ ),0, spinels using site-exchange equilibria between

tetrahedral and octahedral sites and redox reactions. (Note: This is NOT the model used

for the spinel solutions in the present study.)

2+ 3+ 2+ 3+ 2+ 3+NT 2+ 3+ 2+ 3+ 2+ 3+10
(Co;", Coy . Fe.", Fey",Mn;" ,Mn;") [Co;", Co;",Fe;”, Fe;" ,Mn," ,Mn;"]" O,

(3.2.9)
where T and O represent tetrahedral and octahedral sites.
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Site, charge and mass balances yield:

a+b+c+d+e+f =1 (3.2.10)
g+h+i+j+k+l=2 | (3.2.11)
2 (a+c+e+g+i+k)+3-(b+d+ f+h+j+1)=8 3.2.12)
et frk+l=xy o, =l-x-y (3.2.13)
a+tb+g+h=xc, =x (3.2.14)

Xvno, and X, o are the overall mole fractions of Mn3Os and Co304. Seven

independent internal equilibria can be formulated:

FeX +Fe) =Fel +Fel 4G, =-RT ln(%) (3.2.15)
Mn% +Mn3 =MnZ +Mn3 AGH . =-RT ln(%) ~(32.16)
Fe2' + Mn} =Fel + Mn} 4G, =-RT ln(%) (3.2.17)
Coi +Coy =Colr +Coy  AGE., =-RT ln(f—:—}b; (3.2.18)
Co% +Mn}} =Col +Mn} 4GS, = —RTln(%) (3.2.19)
Fel' +Mn) =Fel’ +Mn) AGE, = —RTln(%) (3.2.20)
Fe + Col =Coy +Fel! AGKL =-RTIn( j’?_';') (3.2.21)

Equations (3.2.15)-(3.2.19) are site-exchange equilibria, while equations (3.2.20)-

(3.2.21) are redox reactions on the octahedral sub-lattice. Other equilibria, such as redox
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reactions on the tetrahedral sublattice, can be obtained by linear combinations of these

equations.

Site exchange energies, 4G™, have been estimated from crystal field theory and from an
assessment of thermodynamic and spectroscopic data. Redox Gibbs energies, AG™,
have been estimated from thermodynamic data. Therefore, by solving the above seven
internal equilibria along with the five charge and mass balances equations, the

equilibrium state of the spinel at any given composition can be calculated.

KTH model (Hillert et al. 1988; Sundman 1991)

A three sublattice spinel model was proposed using the Compound Energy Formalism
(CEF) (see Appendix XI) (Hillert et al., 1988). For example, Fe;O; is structurally

formulated as:
[Fe**, Fe™ ]"[Fe®*, Fe'*, Va]Y'[Fe**, Va]y' O, (3.2.22)

with a tetrahedral and two octahedral sublattices. The third sublattice is used for the
description of small deviations of Fe;O, spinel towards excess iron in equilibrium with
wustite and with liquid oxide at high temperature, while the second sublattice is used for
the description of the well-known solubility of y-Fe;Os. Then the Gibbs energy

expression in the CEF is straightforward with 12 end-member G model parameters.

G" = ZZZKTYJOIY/(O”G% ~TS. +G* (3.2.23)
i) K

where Y, YjOl and ;" represent the site fractions of constituents #, j and k£ on the

tetrahedral and the I and II octahedral sublattices, Gy, is the Gibbs energy of an “end-

member [i]"[j19'[k]9"O,” where the 3 sublattices are occupied solely by i, j, and &
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species, and Sc is the configurational entropy assuming random mixing on each

sublattice:

Se ==RQ Y Iy +23 ¥ ¥ +2> v, Iny") (3.2.24)
i j k

There are several different ways to establish the Gibbs energies of end-members in

equation (3.2.23). First stoichiometric magnetite is considered. Then, there are four

parameters G, where i and j are Fe’" and/or Fe’*. At equilibrium, the following

equation describes the ordering:

T
O'S(GFe“Fe“Va + GFe“Fe“Va - ZGFe“Fe“Va )+7 Fe?* (GFe“Fe“Va + GFe“Fe“Va
royr 3.2.25
-G -G )=RTIn e Yo (3229
Fe**Fe?*Va Fe’*Fetva T T

Fejf Fe3+

From the cation distribution data, one finds that the right-hand-side of equation (3.2.25)
can be described by a temperature dependent function that is independent of the order.

This means that a second term can be set to zero.

G -G =G -G (3.2.26)

Fe*Fe**Va Fe**Fe’*Va Fe’*Fe?*Va Fe**Fe?* Va

The authors interpreted the above relation as meaning that the energy for an exchange
from an Fe®" to an Fe®" jon in the tetrahedral sublattice is independent of whether the

octahedral sublattice is filled with Fe’" or Fe**. It is further assumed that:

(3.2.27)

Fe*'Fe’*va GFe“Fe“Va
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For extension to nonstoichiometric spinels (towards higher oxygen contents), relations

similar to equation (3.2.26) are applied:

G (3.2.28)

Fel*Vava GFe“VaVa - GFez“Fcz*Va " Y FeMFeva

G (3.2.29)

Fe**Vava GFez*Fe”Va - GFe“VaVa - GFeJ*Fe“Va

The model parameter G, describes the tendency to form vacancies. The deviation

¢?*VaVa

towards lower oxygen content can be obtained by the following relations.

GFe“Fe“Fe“ - GFe“FeZ*Va = GFe“Fe“Fe“ - GFe“Fe”Va = GFeZ*VaFe2+ - GFe“VaVa (3.2.30)
= GFe“Fe“Fe2+ _GFe“Fe“Va = GFe’*Fe”FeZ* - GFe”Fe”Va = G'Fe“VaFe2+ ~ YFe*vava
G is chosen to be a model parameter.

Fe?*Fe?*Fe?*
Then, four independent Gibbs energy parameters, G ..., Gopos Grogenva and

G are selected and all other Gibbs energies are calculated from the above

Fe?*Fe?*Fe?*
relations. Also, the magnetic contribution to the Gibbs energy of the spinel solution is
described using the magnetic formalism suggested by Inden (1975) for “bec” iron,

although the spinel has the “fcc” structure.

Hallstedt (1992) used a similar model to describe the thermodynamic properties of

MgAl,O4 spinel:
[Mg™, AP [Mg™, A", ValY'[Mg*, Va];" O, (3:2.31)

It should be noted that the reference state is important in these models. As mentioned
by Hallstedt (1992), for example, when combining the previously developed database
for the Fe-O spinel solution (by Sundman, 1991) with his database for the MgO-Al,0O5
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spinel solution, the charge reference states used in the two studies was different, which
caused difficulties in combining the databases. In principle, therefore, separate
optimization of each spinel system using different charge reference states causes

inconsistency between the optimized databases when it is attempted to combine them.

Taylor and Dinsdale (1991, 1993)

Taylor and Dinsdale proposed a two-sublattice spinel model in the framework of the
Compound Energy Formalism (CEF) (see Appendix XI). They applied the model to the
Fe-Cr-O and Ni-Cr-O systems: (Fe?'Fe*",Cr?",Cr*") [Fe*" Fe**,Cr'",Va],°0,4 and
(Ni?",.Ccr** Cr)T[Ni?, Cr*, Va], 0.,

However, the Gibbs energies of several end-members were arbitrarily fixed in their
model. This can result in arbitrary, and incorrect predictions of the properties of
multicomponent spinels as shown by Decterov et al (2001). That is, rather than
optimizing the G; parameters directly, one should optimize linear combinations of the

Gy which have physical significance as discussed in the following section.
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3.2.2.2 Present model

Model description

A two-sublattice spinel model (Decterov et al., 2001) in the framework of the
Compound Energy Formalism (CEF) (see Appendix XI) (Hillert et al., 1988) 1s used in
the present study to describe the Gibbs energy of spinel solutions in the Fe-Al-Mg-Cr-
Co-Ni-Zn-O system. For example, the model for the Fe-Al-Mg-Cr-O system is
described below. The spinel solution in the Fe-Al-Mg-Cr-O system can be structurally

formulated as:

(F62+’ Fe3+,Mg2+, A13+, Cr2+,Cr3+)T[Fez+, Fe3+,Mg2+, A13+, CI‘3+,Va]§)O4
(3.2.32)

where ions enclosed in parentheses occupy the same (tetrahedral or octahedral)

sublattice, and Va represents vacancies.

In the present model, all cations except Cr’*" are assumed to enter both tetrahedral and
octahedral sites. The assumption that divalent chromium (Cr’") can only exist on
tetrahedral sites is generally accepted in the literature (See Appendix VII). The Gibbs

energy of the spinel solution is expressed, in the CEF, as

G" =2 Y KYG, ~ TS +G" (3.2.33)
i

where Y;' and on represent the site fractions of constituents i and j on the tetrahedral

and the octahedral sublattices, G, is the Gibbs energy of an “end member [i]T[f]zOO4”

i
in which T and O sites are occupied only by i and j cations respectively, Sc is the

configurational entropy assuming random mixing on each sublattice:
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S, = ~R(Z Y Iny" + 22 Y Iny]") (3.2.34)
i j

and G* is the excess Gibbs energy:
SEDH DR LRI WR A rE (3239)
ik i j ok

where L;.; and L are the interaction energies between cations i and j on one sublattice
when the other sublattice is occupied only by k cations. The interaction energies, Lji

and Ly; are internally set in the model as follows:

=L, = (3.2.36)

L.=L., =.. | (3.237)

That is, the interaction between i and j on a sublattice is assumed to be the same,

independent of which cation resides on the other sublattice.

There are 36 Gibbs energies Gj; of end-members of the model to be determined in
equation (3.2.33). These are the primary model parameters. However, from the
experimental data alone it is not possible to determine the Gibbs energies of all end-
members. Certain logical and physically meaningful assumptions should be made to fix
the values of these Gibbs energies properly. In the present model, physically
meaningful linear combinations of the Gy are used as the actual optimized parameters.
For a fully normal spinel, for example, Gap = G°(AB,0s), the (measurable) Gibbs
energy of pure normal AB,O,. In this case, Gap is used directly as an optimized

parameter. Energies 4ap of site exchange reactions:
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A= Gaa + Gpp— Gap — Gpa (3.2.38)

are also used as optimized parameters. These are expected generally to have values of
about 40kJ/mol from the study by O’Neill and Navrotsky (1984) (described in the

section 3.2.3). “Inversion parameters” Ixp:

Ixp= G+ Gpa—2GaB (3.2.39)
are indicators of the tendency towards the formation of an inverse spinel structure.

Non-stoichiometry in many spinels is due to the formation of vacancies on octahedral
sites. For example, non-stoichiometry in MgAL,04 can be considered as a solution of y-

ALO;, (A YAL}(Va,,),0,, in MgAlL,O,. Therefore, assuming a random mixture of

AP and vacancies on the octahedral sites, the Gibbs energy of y-Al,O; is given by:

8G°(y - ALO,)=G,, +5G,, + 2RT(5In5/6+1In1/6)
=G, +5G,, +2RT(5In5—61n6)

(3.2.40)

where A and V represent AI’" and vacancies respectively. Thus, the Gibbs energies of

7-M203, G°(y-M,0;), were used as optimized parameters to reproduce the

solubilities of M,0; in spinel solutions.

In the case of the solubility of Cr*" (Cr304), because Cr** can only exist on tetrahedral
sites, certain site exchange reactions of reasonable reciprocal systems were used for the

model parameters in the present model as discussed below.
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In addition, other site exchange reaction model parameters (4) can be used to describe
the properties of binary spinel solutions. These exchange energies are expected

generally to have small values and are often set to zero.

The model parameters in the present spinel model are described below in detail for the
Fe-Al-Mg-Cr-O system: (Fe**,Fe** Mg®,Al**,Cr**,Cr**)T[Fe** ,Fe*" ,Mg™*, Al™,
Cr’*,Va];0,. For convenience, alphabetic symbols are used to represent each cation:

Fe* =F,Fe**=E,Mg> =M, A’ = A, Cr**'=C, Cr’*=G, Va=V.
Optimized model parameters End-member Gibbs energy determined

Stoichiometric Fe;04

Gy, G, (3.2.41)
G% =G,y GS, (3.2.42)
I,, =Gy + Gy —2G G, (3.2.43)
Apg =G +Gpp —Gpg — G G (3.2.44)
y-Fe 03 ‘

8G°(y—Fe,0,)= G, +5G,, + 2RT(5In5 - 61n6) Gy, (3.2.45)

Stoichiometric FeAl,O4

Gra G, (3.2.46)
I, =G0 +G o — 2G4, }GAF (3.2.47)
Agy = GAA + G "GFA ‘GAF Gaa (3.2.48)



Y-A1203

8G°(y - Al,0,) =G, +5G ,, + 2RT(5In5—61n6)

Stoichiometric MgAl,O4
G MA
IMA = GAA + GAM - 2GMA

AMA = GAA +GMM _GMA _GAM

Stoichiometric MgFe;04
G ME
IME = GEE + GEM - 2GME

Solution Fe-Al-Mg-O-Va
Apyg =Gym + Gpp =Gy — O e

AMFE :GFF+GME GFE

>

EA

—Gyp
FEA :GEE +GFA GFE
-G

>

-G
EA T GAA +GIE EA GAE
-G

o>

EFV :GFF+GEV GEF FV

Ay = GMM +GAV _GFM '"GMV

Stoichiometric MgCr,04
G MG

Ivg ::GGG + Gy "ZGMG

Ay = GGG +Gym "‘GMG —GGM

GAV

MA
AM

MM

GME

(3.2.49)

(3.2.50)
(3.2.51)
(3.2.52)

(3.2.53)
(3.2.54)

(3.2.55)
(3.2.56)
(3.2.57)
(3.2.58)
(3.2.59)

(3.2.60)

(3.2.61)
(3.2.62)

(3.2.63)
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Stoichiometric FeCr,O4

Gy Gy
I = GGG + GGF _ZGFG GGF
v-Cr;03

8G°(’Y—Cr203):GGV +5G ;5 +2RT(5In5-61n6) Ggy

Solution Fe-Al-Mg-O-Cr**

Ayvpg = Gpe +Gug —Gume — O G
Apg =Ggg + G —Gpg — G G
AMAG = GAA +GMG _GMA _GAG GAG
Apg =G +Gup =Gag ~Coa Ga
Stoichiometric Cr;Oy4

GCG GCG

Addition of Cr*" in tetrahedral sites: all model parameters set to zero

Acg =Gep +Gpg —Gg — G G
Aca =Gea +Gpp —Gpp —Gg Gea
Ay =Gy + Gy =G ~Guy Gev
Acy =Gy +Gpg =G ~Guu Gy
Acg =G +Grg G —Gpg Ger

(3.2.64)

(3.2.65)

(3.2.66)

(3.2.67)
(3.2.68)
(3.2.69)

(3.2.70)

(3.2.71)

(3.2.72)
(3.2.73)
(3.2.74)
(3.2.75)

(3.2.76)

47
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The influence of magnetism on the thermodynamic properties of spinel solutions is also
modeled in the present model. The phenomenological approach proposed by Hillert and
Jarl (1978) for the fcc structure is used to describe the magnetic contribution to the

thermodynamic functions. Details are described by Decterov et al. (2001).

This study is the first to model spinel solutions with a large numbers of elements over
wide compositional ranges. For the development of such a large spinel database, the
order of the optimizations is critical to maintaining internal consistency. The
thermodynamic optimization of spinel solutions also involves several other interesting

aspects as will be discussed below.

Evaluation of experimental data

Since spinels exhibit unique characteristics of cation distributions and difficulties in the
preparation of samples, the following aspects should be considered during the

evaluation of the experimental data.

1) Sample preparation

There are many difficulties in the preparation of stoichiometric spinel samples. For
example, stoichiometric MgFe,Qy is only stable at very high oxygen pressure. Also, it
may have a slight solubility of MgO or a considerable solubility of y-Fe>O; and it can
easily form solid solutions with Fe;O4. Thus, depending on the oxygen partial pressure,
temperature and impurities during the sample preparation, the final products can deviate
somewhat from the desired stoichiometric MgFe,O4 spinel. Therefore, during the
evaluation of experimental data in the present study, the sample preparation techniques
were examined very carefully based on several aspects: (1) Oxygen partial pressure in
sample preparation, (2) Synthetic temperature, (3) Stoichiometric/non-stoichiometric

(impurities), (4) Lattice parameter of final products.
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2) Cation distribution (order-disorder)

The spinel structure becomes more disordered with increasing temperature and
converges to a fully disordered state at infinitely high temperature. Cation distributions
have been measured by several different spectroscopic techniques such as neutron
powder diffraction, NMR, ESR, XRD, Mossbauer, saturation magnetization (SM),
thermopower-conductivity measurements, etc. The best technique depends on the spinel
system. For example, Mossbauer spectroscopy is unable to resolve Fe** and Fe’*
cations on the octahedral sites because the rate of electron hopping is faster than the
precession of the iron nucleus (~107 seconds). (O’Neill and Navrotsky, 1984) Thus, the
cation distribution of Fe;O4 is measurable only by a thermopower technique. XRD is
more accurate than Mossbauer spectroscopy for MgFe,Qs. MgCr,O4 and FeCr,O4 have
almost a fully normal spinel structure, so the cation distributions are not determined

accurately by any technique.

Spinel has unique characteristics of cation distribution as has been discussed in section
3.2.1. As can be seen in Figure 3.10 for MgAl,Os, for example, the cation distribution
measured by Wood ef al. for the quenched samples shows a constant cation distribution
as temperature increases above 1200 K. From this result, Tiynquen could be estimated to
be about 1200 K for MgALLO4. From the results of Redfern et al., Tyo, could be
estimated to be about 973 K for MgAl,O, as can also be seen from Figure 3.10. Usually
Tunquen and Tho, for spinels were found to be in the ranges 1200 to 1400K and 600 to
1000K, respectively.

Accurate cation distributions can be measured at high temperatures by an in situ
technique to overcome the problem of unquenchablity. Therefore, during the evaluation
of experimental data, in sifu measurements are preferred to quenching measurements.
However, even using an in situ technique, the equilibrium cation distribution below T,
cannot be measured. Even for in situ measurements, sample preparation is important

because impurities (deviation from stoichiometric composition) in the sample can cause
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serious error in measurements in cation distributions. For example, as can be seen from
the results by Redfern et al. in Figure 3.10, the impurities (solubilities of y-Al,O3: open
symbols in the figure) results in the increase of disorder. (See Appendix IV for details)

3) Enthalpy measurements

Because spinels have unique characteristics of cation distribution, special care must be
taken in interpreting the result of enthalpy measurements. Enthalpy (heat content) is
usually measured by dropping a sample from a given temperature (7) to room
temperature (298 K). During the measurement, the cation distribution (C-D) may not be
in the equilibrium state because of the Tinquen and Tfo, problems discussed above.
Therefore, the measured enthalpy difference, 4H .., should be interpreted diffefently

according to three temperature zones:

Tr< Tfroz

4H .. =H (C-DatT, , )~ H,,(C-DatT,,.) (3.2.77)
T froz < Tr<T unquen

AHmea:HT(C'DatT)‘—HZQB(C'DatT) (3278)
> Tunquen

4H ., =H (C-DatT)-Hy(C-Dat T, ...) (3.2.79)

where Hr(C.D at T”) means the enthalpy at 7" of a sample with the equilibrium cation

distribution of a sample at 7.

‘4) Enthalpy associated with the redistribution of cations
Navrotsky (1986) measured the enthalpies associated with cation redistribution using a

special experimental technique. She performed certain batch experiments to measure
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this. First she prepared a sample at high temperature (7x) and dropped it to room
temperature. Then, she took this sample, and dropped it from room temperature to
973K (Transposed-temperature-drop calorimetry), and measured enthalpy change (1*
measurement). Next, she quenched the sample from 973 K to 298 K and then used the
same sample for a second drop from room temperature to 973 K and measured another
enthalpy (2™ measurement). From the difference of the measured enthalpies, the
enthalpy of cation redistribution could be calculated. She assumed that the heat capacity

is independent of the cation distribution.

a) Preliminary stage:

Sample at Ty -> quenching -> sample (H 5, (C-D at T};)) when Tfoz < Th < Tunquen

(or ->sample (H,,(C-Dat T,

unquen )) when Ty > Tunquen. Thus, T = Tunquen)
b) 1 measurement: sample (H,4 (C-D at T, )) -> dropping
->sample (H,,,(C-D at 973K) ):
AHmea 1y = Ho73(C.D at 973K) — Hao3(C.D at Ty)
¢) Equilibration stage: sample (H,,,(C- D at 973K) -> equilibration and quenching
-> sample (H,, (C-D at 973K)):
d) 2™ measurement: sample (H g (C- D at 973K) -> dropping
->sample (H,,;(C-D at 973K) ):

AHmea Q= H973(C.D at 973K) — Hzgg(C.D at 973K)
e) Finally, the difference between first and second measurements:

AH cation redistribution = AHmea (2)— AHmea (1) = Ha98(C.D at T) — Hags(C.D at 973K)

In order to calculate values for comparison with her results, the following relations can
be written. In the present study, the model also assumes that heat capacity is

independent of cation distribution.
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H 05 (C-D at Ty, )~ Hyoe (C-D 2t 973K) = H; (C-D at T,)~H, (C-D at 973K)
=[H, (C-DatT,)-H,,(C-Dat 973K)]-[H, (C-D at 973)~ H,,,(C-D at 973)]

(3.2.80)

Then, the first part of equation (3.2.78) can be calculated from the equilibrium state and
the second part can be calculated just from the Cp expression with no consideration of

cation redistribution.

5) Gibbs energy measurements and enthalpies of mixing

Cation distribution may also affect Gibbs energy measurements. Because Gibbs
energies of spinels are usually measured by in situ techniques such as emf, vapor
pressure, two- or three-phase equilibration, etc, the cation distributions are in an
equilibrium state during the measurement if the experiment is performed at a
temperature above Tg,,. Also because enthalpies of mixing are usually measured near
1000K, which is slightly higher than T%,,, the measured values can be directly compared

with the values obtained from equilibrium calculations.

6) Magnetism and anomalies appearing in Cp.

Spinels such as Fe;O4 and MgFe,04 can be ferro-magnetic (strictly speaking, they are
often ferri-magnetic) and FeAl,O4 can be anti-ferromagnetic. In order to model the
contribution of magnetism to the Gibbs energy (and heat capacity), the structure factor
(fcc = 0.28), critical temperature (Curie or Néel temperature) and Bohr magneton
number (f) of magnetic materials must be determined in the phenomenological
magnetic model of Hillert and Jarl (1978). Curie temperatures and Néel temperatures
are the critical temperatures for ferro- and antiferro-magnetism, respectively. Usually
the critical temperature is nearly independent of the cation distribution except in the case
of MgFe,0O, for which the Curie temperature decreases slightly with an increase of

disorder.
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The magnetic transition is most apparent in the heat capacity (Cp) measurements. In
some spinels such as MgCr,04, FeCr,04 and NiCr,04, the peak in Cp resulting from the
magnetic transition is too sharp and high to be modeled by the present magnetic
equation proposed by Hillert and Jarl (1978). Because the transition occurs at very low

temperatures (< 50K), however, the magnetic contribution to the Gibbs energy can
simply be directly added to the entropy at 298K (S3.,s) for these spinels without

explicitly introducing magnetism in the spinel model. Moreover, in the case of these
spinels, certain electronic transitions (transitions from low-spin to high-spin of transition
metal M>") and structural changes (Jahn-Teller effect) of the spinel also cause anomalies
in the Cp curve. These anomalies usually occur below 100K. No model has been

developed to describe these effects yet. In this study, the influence of the anomalies to
Cp are also simply integrated into S), s in order to avoid complexity. However, in the
case of Co3;04 (Figure 3.12), the electron transition from low-spin to high-spin of Co™

has been measured above 1000K. In this case, the electron transition effects are directly

added to the Cp expression of Co304.

In the case of ferro-magnetism, where the Curie temperature is above 298K, the

magnetic properties of spinels were well modeled in the present study.
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Figure 3.12 : Calculated heat capacity of the Co;04 spinel phase. The anomaly at about
30K is anti-ferro magnetic transition and the anomaly above 1000K is low spin—high

spin transition of Co>*. (See Appendix VIII for details)
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3.2.3 Procedure of Optimization and Discussion

In general, the thermodynamic properties of stoichiometric spinels are optimized in a
first step and then the spinel solutions are optimized. Even stoichiometric spinel is not a
simple compound because it has cation distributions dependent on temperature.
Therefore, strictly speaking, a stoichiometric spinel itself is also a spinel solution. In the
modeling, the structural and thermodynamic properties of stoichiometric spinel are
described by Gibbs energies of four end-members correlated with the chosen model

parameters.
a) Stoichiometric spinel

Usually the heat capacity, Cp, of a compound may be separated into a lattice part and a

magnetic part in thermodynamic modeling.
C,(T) = CJU(T) + Ci™&"(T) (3.2.81)
When a compound exhibits ferro- or antiferro-magnetism, the magnetic part is non-zero.

In the present model, C:j‘"i” (T') of the normal structure and the inverse structure are

assumed to be the same. That is, Cg’“i‘"’e (T') 1s assumed to be independent of cation

distribution.
C,(T) = C;**(T) of normal spinel = C**(T) of inverse spinel (3.2.82)

With this assumption, Cp of a hypothetical pure normal compound end-member

(A™)[B*"1,04 is taken to be equal to the measured Cp of the real (mixed) spinel.
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b) Closed circle spinel solution structure

As illustrated in Figure 3.13, the stoichiometric spinels were optimized in the order:
Fe;0s, FeAl,O4, MgAlLO4, MgFe,04, MgCr,04 and FeCr,O4. The four stoichiometric
spinels form a closed circle spinel solution system, which is an inherent characteristics
of the present spinel model as well as the previous models (KTH and Taylor and

Dinsdale).

As noted in Figure 3.13, however, in the optimization for the last stoichiometric spinel
in each circle structures, such as MgFe,04 and FeCr,04, only one parameter, [, remains
for fitting the experimental data of the stoichiometric spinel. The 4 parameter is
automatically determined from the other three previously optimized Gibbs energies of
end-members immediately after fixing the J; parameter. This is an inherent constraint
of the present model due to the closed circle structure of spinel solutions. One I
parameter may not be enough to describe the structural and thermodynamic properties
of the last stoichiometric spinel. In this event, all parameters of the other stoichiometric
spinels should be re-optimized in an iterative procedure until the thermodynamic
properties of all four stoichiometric spinels are properly reproduced within experimental
uncertainty. For example, in the case of the Fe;04-FeAl,04-MgAl,04-MgFe,0y4 circle,
during the optimization of spinels such as Fe;O4, FeALOs and MgAl,O4, the range of
flexibility /;; and 4;; parameters were checked and if necessary these parameters were re-
optimized in order to describe the measured thermodynamic properties of all

stoichiometric spinels simultaneously.

Even though the properties of all four stoichiometric spinels are well reproduced using |
certain sets of model parameters, this may not mean that all /; and 4; parameters
determined in the optimization are proper or reasonable for the entire closed circle of
spinel solutions. Only after the set of optimized model parameters has been shown to

accurately predict multi-component equilibria in the entire closed spinel circle, can the
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parameters be considered as properly optimized. If the prediction is not good enough,

the parameters should be optimized yet again.

c¢) Using the model parameters recommended by O’Neill and Navrotsky (1984)
As mentioned by Decterov et al. (2001), the present model can be reduced to the model
suggested by O’Neill and Navrotsky (1984) for stoichiometric spinels. The following

relations between the model parameters of the two models can be found:

d;=-2p (3.2.83)
Li=2(a + P (3.2.84)

where a; and £ are the model parameters of O’Neill and Navrotsky. (See section
3.2.2.1) In particular, O’Neill and Navrotsky, after modeling many stoichiometric
AB,O, spinels, found that the average value of the £ parameter is about -20kJ/mol. In
the course of the present study, it was found that most 4;; parameters for stoichiometric
spinels (4dma, Ame, 4aE, etc.) had values close to 40kJ/mol ( = -24). This seems to be a
characteristics of site exchange reactions in these spinels. Therefore, in most of cases, if
possible, the 4; parameters for stoichiometric spinels were fixed to be 40kJ/mol in the

present study.

Since MgCr,04 and FeCr,0;4 are virtually pure normal spinels, their cation distributions
can not be accurately determined by any spectroscopic technique. Therefore, it may be
difficult to optimize the J;j and 4 parameters of these stoichiometric spinels. In this
study, the values of the Img and Ay parameters were taken from the values
recommended by O’Neill and Navrotsky (1984) based on the site preference energies of
cations. Since FeCr;Oy is the last spinel in the spinel circle Fe;O4-MgFe;04-MgCryO4-
FeCr;0q4, there 1s only one /gg parameter left. Apg can be determined from the lvg
parameter. Thus, when the Irg parameter is taken from O’Neill and Navrotsky, drg

becomes different from the value recommended by O’Neill and Navrotsky, and vice
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versa. Therefore, in the case of FeCr,Os, only one model parameter can be taken from
O’Neill and Navrotsky. During the modeling, it was found that when drg was set to be
the same as the value proposed by O’Neill and Navrotsky, the predictive ability of the
model became better than when Irg was set equal to the value proposed by O’Neill and
Navrotsky. In the modeling, therefore, the value of the Irg parameter which satisfies
Ar = 40 kJ/mol was used. Similarly, in all other cases when the cation distribution data

is not well known, the 7 and 4 parameters were fixed in this way.

d) Non-stoichiometry through dissolution of y-A;03

Once the optimization of the stoichiometric spinel solution is completed, the oxygen
non-stoichiometry (vacancies) can be modeled. The solubilities of vacancies can be
modeled through the Gibbs energy of y-A,03 (A=Fe, Al, Cr) and other parameters such
as Agpy and damy. For example, the solubility of Al,O3 in MgAL Oy spinel depends on
the Gibbs energy of y-Al,O; and 4amy. However, since the present study deals with the
general spinel solution database containing Mg, Co, Ni, Fe and Zn, the Gibbs energy of
v-Al,O; must be determined to be consistent with the observed solubilities limits of
ALOj; in all aluminate spinels such as MgAlLOs, CoAl,Os, NiAlOs, FeAl;O4 and
ZnAl,O4 simultaneously. This is one more constraint in developing a general database

for spinel solutions.

¢) Parallel binary spinel solutions

Next, the binary spinel solutions such as MgAlLOs-MgFe,04, MgFe;04-Fe30s,
MgAlL,04-MgCr,04, MgCr,04-MgFe, 04, etc. can be optimized based on the results of
simple stoichiometric spinels. The parameters in equations (3.2.55)-(3.2.58) and
(3.2.67)-(3.2.70) are used to describe the thermodynamic properties of binary spinel
solutions. In this stage, the phase equilibria between the spinel solutions and other
solutions such as corundum and monoxide should be taken into account in order to
optimize the parameters. It should be noted that the thermodynamic properties of

‘parallel binary solutions’ in the closed circle structure are influenced by the same
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solution model parameters. (As can be seen in the Figure 13, ‘parallel binary solutions’
means two binary solutions which are parallel to each other in the square of the closed
spinel structure. That is, for example in the Fe3O4-FeAl,04-MgAl,Os-MgFe;04, the
binary MgA1,04-MgFe,0, and FeAl,04-Fe;04 solutions are parallel binary solutions as
are the binary MgFe,04-Fe;04 and MgAl,04-FeAl,O4 solutions.) For example, drga
and Adgs, can influence both Fe;O4-FeAl,O; and MgFe;04-MgAlLO4 solutions
simultaneously, and Ayrg and 4pme can influence both FesOs-MgFe;O4 and MgAlLO4-
MgAl,O4 solutions simultaneously. This is yet another constraint on the present

thermodynamic model.

The thermodynamic properties of parallel binary solutions in the circle FeAlOs-
MgA1,04-MgCr,04-FeCr,04 show this correlation very well. Figure 3.14 shows the tie-
line measurements between the Al,03;-Cr,O; corundum solution and the spinel
MgAl,04-MgCr,04 and FeAl,O4-FeCr,O4 solutions respectively.  Two model
parameters (dvac and dac) are reserved for the adjustment of solution properties for

these spinel solutions. Apag can alter the solution properties of both MgAlO4-

MgCr,04 and FeAl,04-FeCr,04 binary solutions by affecting G ;. Furthermore, since

the amount of (G)[A],O, is almost negligible due to the very low concentration of crt

on tetrahedral sites, the effect of the 44 parameter on G, in the spinel solution is very

weak. Therefore, the Ayag parameter was used to reproduce the data for the binary
spinel solutions MgAL,Os-MgCr,04 and FeAl;04-FeCr,04. In addition, a small Liagc

interaction parameter was also used.

Certainly, thermodynamically, the correlation between parallel binary solutions can be
thought of as resulting from the interaction of two cations which are common in parallel
solutions. During the present study, it was found that the thermodynamic properties of
parallel binary solutions show similar trends in most cases. For example, in the case of
the MgAl,04-MgCr,04 and FeAl;O4-FeCr,04 solutions, A" and Cr** cations exist in

both binary solutions. Therefore, due to the same (or similar) interaction between these
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two cations regardless of the other divalent cations, the thermodynamic properties of
these two parallel binary solutions may have a correlation with each other. This
property is very important in modeling the general spinel solution. Although
thermodynamic data are missing for many binary solutions, they can be well fixed by

the properties of known parallel binary systems.

f) Miscibility gaps

Miscibility gaps are often found in binary spinel solutions below 1000°C. In certain
cases, the miscibility gap can be well predicted by the models without excess interaction
parameters. At other times the calculated critical temperature of the miscibility gap is
somewhat lower than the observed value. In this case, small excess interaction
parameters may be added. In this study, a slightly positive Li;s r parameter was used for
the MFe,04-MAL Q4 solutions (M = Mg, Fez+, Ni and C02+) and similarly Li.a g is used
for the MCr,04-MFe,0;4 system.

e) Cr** solubilities
The solubilities of Cr** in the spinel, that is the solubilities of Cr;O4 in MgCr,O4 and
FeCr,04 spinels, are also considered in this spinel model. Cr*" can enter only on

tetrahedral sites. To model the solubilities of Cr** in spinel solutions, the parameters in

equations (3.2.72)-(3.2.76) are chosen. The first parameter, GJ; , is the Gibbs energy of

pure Cr;Oy4 spinel. All the other parameters in equations (3.2.72)-(3.2.76) are defined
based on certain reciprocal reactions (cation exchange reactions) between tetrahedral
and octahedral sites in the spinel solution. By setting these parameters equal to zero, the
solubilities of Cr;04 (Cr*") can be well predicted without any additional parameters. As
can be seen in Figure 3.15, the predictive ability of the model is well demonstrated in
the Fe-Cr-O system which is the only system in which Cr** solubilities have been well
measured at several temperatures and oxygen partial pressures. For the Mg-Cr-O
system, considerable Cr*" solubilities are predicted in MgCr,Oy4 at low oxygen partial

pressures. This prediction is supported by indirect experimental evidence. (See
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Appendix VII.) This shows that the parameters for Cr** chosen in the present model are

appropriate for a description of Cr*" solubilities in the spinel solutions.

f) Different models in the same framework of the Compound Energy Formalism

Barry et al.(1992) demonstrated that different sets of model parameters can give
equivalent descriptions of the properties of a simple spinel along the neutral
compositional line. However, it should be noted that when the properties of a simple
spinel are extrapolated to a multicomponent spinel solution, these different sets of model
parameters may no longer necessarily give equivalent Gibbs-energy functions. Thus, it
is important to note that different ways of defining model parameters, which are inter-
related to the Gibbs energies of end-members of the model, eventually result in different
models within the framework of the Compound Energy Formalism. (Appendix XI) It
can be said that all previous models by Sundman (1991) and Hallstedt (1992) are
essentially different from the present model because the present model uses a different
way of defining the model parameters, although all models are formulated within the
same Compound Energy Formalism. This is also true of the models for olivine and

pyroxene developed in this study.

That is, the Compound Energy Formalism is not a model. It is a formalism which can

be used as a framework for many models.
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Figure 3.13 (a) : Schematic diagram for the end-members in the Fe-Al-Mg-O spinel solution
in the present model (without vacancies).
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Figure 3.13 (b) : Schematic diagram for the end-members in the Fe-Al-Mg-Cr-O spinel
solution in the present model (without vacancies and Ccr).
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Figure 3.15 : Cr*" solubilities in the Fe-Cr-O system at 1600°C predicted from the

present spinel model. Two arrows in the figure show the directions of solubilities of

Cr2+(Cr3O4) and Fe;O0;4.
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3.3. Olivine solution
3.3.1 Crystal structure

The structure of olivine is in the orthorhombic space group Pbnm. A general formula
for olivine-type compounds is (M1)(M2)TXy, where M; and M, represent octahedrally
coordinated cations, T is a tetrahedrally coordinated cation and X represents the four-
coordinated anions, which usually are oxygen but also may be fluorine, sulfur or
selenium. M; and M; may be Li, Na, Mg, Al, Ca, Sc, Cr, Mn, Fe, Co, Ni, Zn, Ga, Y,
Cd, Sm, Gd and Lu. T may be Be, B, Si, P, Ge, or Si,Gej.,. In the case of silicates,
olivine is generally formulated as (M1)(M2)SiOs. Al’", Fe**, Cr**, and Ti*' are
generally in low abundance in olivines. The assumption that all Fe is in the form of Fe**
is generally accepted. There is no evidence of significant substitution of Al for Si in the

tetrahedral site of the olivine structure.

Figures 3.16 and 3.17 show the crystal structure of olivine. The olivine structure
consists of individual SiO, tetrahedral linked by divalent ions (Mg, Fe2+, Ca, Mn, Co,
Ni, efc.) each of which has six nearest oxygen neighbors. Divalent ions occupy one-half
of the octahedral interstices and Si atoms occupy one-eighth of the tetrahedral

interstices.

The M1 octahedron lies on a center of inversion and its six shared edges (four with other
octahedra and two with tetrahedra) are significantly shorter (2.56-2.87 A) than the six
unshared edges (3.04-3.39 A). The M2 octahedron is located on a mirror plane and its
three shared edges (two with other octahedra and one with a silicate tetrahedron) (2.6-
2.87 A) are again shorter than the unshared edges. Thus, the M2 site is bigger than the
M1 site and this difference results in the cation distributions observed in olivine solid

solutions.
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Since the replacement of divalent cations is accompanied by a linear increase in the cell
parameters, the composition of olivine solutions is readily determined by X-ray powder
diffraction. Lumpkin and Ribbe (1983a, 1983b) have quantified and analyzed the
relationships among lattice parameters and effective ionic radii of M1, M2 and T sites
using a linear regression technique following investigation of 52 natural and synthetic

olivines.

y A\
b e ki
AN AN s
vmw

Figure 3.16 : Crystal structure of olivine. (after Lumpkin and Ribbe, 1983a) M1 and
M2 are octahedral sites. T is a tetrahedral site and L is “leer” or an unoccupied

tetrahedral site.
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OLIVINE

Figure 3.17 : Structure of olivine. (after Papike, 1987) M1 and M2 are octahedral sites.

T is a tetrahedral site.
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3.3.2 Thermodynamic model
3.3.2.1 Previous model

Davison and Mukhopadhyay (1984) modeled the olivine quadrilateral (Mg;SiO4-
Fe;Si0,4-CaMgSi04-CaFeSi04) for geological applications.

[Ca, Mg, Fe* M [Mg, Fe* M'Si0, (3.3.1)

For quadrilateral olivines, the total free energy can be expressed by the non-convergent
site-disorder model (Thompson, 1969), or equivalently by a reciprocal solution model.

The total Gibbs energy can be expressed as:

1

Gm =Z - KMZI/leGij _TSC +GE (3'3.2)
}

where Y;* and Y are mole fraction of i and j on M2 and M1 sites, and G; is the

Gibbs energy of an [7][/]SiO4 end-member, Sc 1s the configurational entropy and G® is

excess Gibbs energy:

S = —R(Z Y™ nyM + ZYiM‘ In M) (3.3.3)

G" = WMgCaYI\ngYCI\:Z + WFeCaYFI\eAZYCI\:Z (3.3.4)

Davison and Mukhopadhyay assumed that Ca was restricted only to M2 sites. This is a
poor assumption because y-Ca;SiOy, [Ca][Ca]SiOs, also has an olivine structure. That
is, Ca can also enter M1 sites. Based on size considerations, (Fe-Mg) M1-M1 pairs may

be considered to be ideal, so:
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Weene = 2Wreeng ~Weese: —Watgg =0 (33.5)
where Wong', for example, is the interaction energy of Fe and Mg on M1 sites. (Fe-

Mg) M2-M2 pairs are also considered to be ideal, while (Fe-Ca) and (Mg-Ca) M2-M2

pairs are non-ideal. So that,

WFeCa = WFI:ICZa = ZWF]::/ICZaMZ - WFI\:FiMZ - Wch:é;w 2>0 (3.3.6)
Wysges = Wonees = 2Wygen —Worgns: = Weaca >0 (3.3.7)

The W parameters in (3.3.6) and (3.3.7) are responsible for the miscibility gap in the Ca-

Fe and Ca-Mg olivines respectively. Substituting the order parameter ¢ =Yp ~ — Yo'

and

X=X = X;0si04 (3.3.8)
Y= XXMM = X con (3.3.9)
AGS = Gyyee — Grane (3.3.10)

AG? = Groyg + Guigre = Grere — Crigutg (3.3.11)

F® =2(Geamg — Gewre) + Grere = Cugig (3.3.12)

At equilibrium, dG™ /dt = 0. Hence:

dG™ /dt = —RT In(Yo Yol 1 Yod* Yy ) = 2Y (Wysca = Wreea)

g

+AGS(Y +1)+ F°Y — 4GL(1-Y)

(3.3.13)

So, they used five model parameters to model [Ca, Mg, FeZ' ™ [Mg, Fe* M'Si0, olivine

solution: 4Gy, AGY and F° to determine the unknown Gibbs energies of the end-
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members ([Mg][Fe]SiOs, [Fe][Mg]SiOs and [Ca][Fe]SiO4) and the W parameters as
excess interaction energy parameters. The Gibbs energies of real end-members such as

Mg,S104, Fe,;S104 and CaMgSiOy4 are well known.

3.3.2.2 Present model

The [Ca, Mg, Fe**, Mn>*, Co*" [™*[Ca, Mg, Fe**, Mn*", Co>'TM'Si0, olivine system is
modeled in this study. AI’* and Fe** are not considered because observations show their
solubilities to be very small.(Deer et al., 1966) The two-sublattice Compound Energy
Formalism (Appendix XI) is used to describe the olivine solution based on its crystal

structure.

The Gibbs energy of the olivine solid solution is expressed as follows;

G" ~:Z‘ZY§“)¢“Gij ~7S. +G" (3.3.14)
J

i

where Y™ and Yle represent the site fractions of constituents i and j on the octahedral

M2 and M1 sublattices, G is the Gibbs energy of an end member P MSIO,, Sc is

the configurational entropy assuming random mixing on each sublattice:

SC — __R(ZKMZ ln)/iMZ + Z)})Ml lnY'le) (3‘315)
i i

and G" is an excess Gibbs energy:

GE = ZZZK’MZYJMZY/(M‘L:);* " Zzzykmzxmyjmlkﬁj (3.3.16)
ij ok ioj ok
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where L;;x and Ly.; are the interaction energies between cations i and j on M2 and M1

sublattices, respectively, when the other sublattice is occupied solely by & cations. The

interaction energies, L;x and Ly; are inherently set in the model as follows:

(3.3.17)
(3.3.18)

That is, the interaction between cations i and j on a sublattice is assumed to be the same

regardless of the cation on the other sublattice.

In order to describe the [Ca, Mg, Fe**, Mn**, Co” T™’[Ca, Mg, Fe**, Mn*", Co®" TM'SiO,

olivine system, the Gibbs energies of 25 neutral end-members must be determined.

Compared with the spinel model, the olivine solution model is straightforward to model

because there are no hypothetical charged end-members. Some end-members are real

compounds and the others are fictive. The model parameters are designed to use the

known Gibbs energies of stable end-members, and the Gibbs energies of other fictive

end-members are determined by the [ and 4 parameters in order to reproduce the

cation distribution data of the olivine solutions as well as all thermodynamic properties

of the solutions. The details of the model parameters are described below.

[Ca, Mg, Fe**, Mn*", Co®"T"[Ca, Mg, Fe**, Mn**, Co? T™!Si0,

Model parameters

Gy, = G(y-Ca2SiOy)

wgme — O (Mg2Si0y) (forsterite)

G

G = G°(FezSi0y) (fayalite)
Gy = G°(Mn2Si04) (tephroite)
G

coco = G(C03Si0y)

(3.3.19)

End-member Gibbs energy determined

G CaCa

MgMg

G FeFe

Q

MnMn

)

CoCo

(3.3.20)
(3.3.21)
(3.3.22)

(3.3.23)
(3.3.24)



G .y, = G°(CaMgSiOy) (monticellite)
ACaMg = GCaMg + GMgCa - GCaCa - GMgMg
Teare = Geare = (Gaca + Grpepe)/ 2

Acare = Geare + Greca = Geaca = Orpere
Teawn = Gcamn — (Geaca + Gt )/ 2
Acan = Geavn * Omtnca = Ccacs = G vnn
Teaco = Geaco = (Geaca T Coco)/ 2

Acsco = Geaco + Geocs = Caca ~ O oo
Ivigre = Gytgre — (G rgug + Grere)/ 2
Apgre = Gtgre + Gremg ~ O gy ~ Crere
Lugvn = Gatgun — (Gt + Cnaonan )/ 2
Apigvn = G nigvn T Gatantg ~ Cmigvg — G pun
IMgCo = GMgCo -(G MgMg G oe0)/ 2
Ageo = Grgoo + Geomg ~ Cragug ~ Gcaco
Ttemn = Gromn = (Grere + Gatrn )/ 2

AFeMn = G FeMn + G MnFe GFeFe - G MnMn
= Greco ~(Gpepe + G oco)/ 2

AFeCo = G FeCo + G CoFe GFeFe - GCoCo

IFeCo

IMnCo = GMnCo - (G MnMn + GCOCO)/2

AMnCo = GMnCo + GCoMn - GMnMn - GCoCo
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CoMn

(3.3.25)
(3.3.26)
(3.3.27)
(3.3.28)
(3.3.29)
(3.3.30)
(3.3.31)
(3.3.32)
(3.3.33)
(3.3.34)
(3.3.35)
(3.3.36)
(3.3.37)
(3.3.38)
(3.3.39)
(3.3.40)
(3.3.41)
(3.3.42)
(3.3.43)
(3.3.44)
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3.3.3 Discussion

The I; and 4; model parameters were used to describe the olivine solution in each
12S104-j28104 binary system using the known Gibbs energies of the i,Si04 and j,SiO4
end-members. These parameters can be optimized from the cation distribution data and
thermodynamic property data. In the case of the CaySiO4-Mg;Si04 system, however,
because the Gibbs energy of CaMgSiOy4 (monticellite), corresponding virtually to the
Gibbs energy of [Ca][Mg]SiOs, is well known, only the dcamg parameter was used (not
Icamg) to determine the Gibbs energy of the hypothetical [Mg][Ca]SiO, end-member.

The cation distribution in olivine is important to modeling the thermodynamic
properties of the olivine solutions. Since the M2 site is bigger than the M1 site, bigger
atoms prefer M2 sites in order to reduce lattice energy. However, cation distribution
data are rarely available for many systems. Thus, reasonable estimation of the cation
distribution between M2 and M1 sublattices is necessary to model the olivine solution.
If there are two different kinds of cations, A and B, where the ionic radius of A is larger
than that of B, the cation distribution between sublattices can be expressed by the

following exchange reaction:
[Bly, +[Aly, =[Bly, +[A],, 4G (3.3.45)
and, an equilibrium constant for above reaction can be written as follows:

M2~rMi
_ YB YA

Kd - Y:“Yg“

(3.3.46)
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Because the cation distribution in the olivine solution results from the size differences of
atoms, a relationship is expected between the cation distribution and the ionic size of

cation.

Figure 3.18 shows the relationship between the equilibrium constant of cation
distribution, K in equation (3.3.46), and the ratio of ionic radii of constituent cations of

the olivine solution, 1, /1, , where the radius of the A cation is bigger than that of B.

The experimental data for known systems such as Ca-Mg, Mg-Fe, Fe-Mn, Fe-Co, Fe-
Ni, Fe-Zn, etc. show that there is a linear relationship between the cation distribution
constant and the ionic radius ratio. The ionic radii are taken from the recommended
values of Shannon (1976) and the cation distribution data are obtained from Ericsson
and Filippidis (1986), mainly at about 1000°C. From this relationship, the cation
distributions in Ca-Fe, Ca-Mn, Ca-Co, Mg-Co, Mn-Co, etc. olivine solutions at 1000°C
can be estimated. Thereafter, the model parameters [;; and 4;; are optimized in order to
reproduce these estimated cation distributions as well as the available thermodynamic

data.

Generally, the cation distributions in olivine systems are known to be easily quenchable
(Lumpkin and Ribbe, 1983a). However, in the case of the Mg-Fe olivine, the cation
distributions measured using the quenching method and the in sifu method are in
disagreement. This suggests that the cation distribution is not quenchable above a
certain temperature in this system as is the case for spinel solutions. (See Appendix III)
Probably the cation distributions in other olivine systems exhibit similar behavior at
high temperatures. Thus, new experimental studies of cation distribution in olivine

solutions are required.

A miscibility gap appears on the M,SiOy-rich side in Ca;SiO4-M,Si04 (M = Mg, Fe,
Mn) olivine solutions. This seems to result from the large size difference between M

and Ca®" cations. In order to reproduce this miscibility gap, excess Gibbs energy
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parameters for the interaction between Ca®" and M*" (Lcam:n where N is a cation on M1
sites) were introduced. The calculated miscibility gaps in the Ca;Si04-M,Si0s (M =
Mg, Fe, Mn) olivine are compared in Figure 3.19. The miscibility gap becomes larger
in the order Fe < Mn < Mg. As can be seen in Figure 3.19, in the case of the Ca;SiO4-
Mg,SiO; solution, another metastable miscibility gap results from the model
calculations in the Ca;SiOs-rich region as a result of parameters introduced to reproduce
phase equilibria in the CaO-MgO-SiO, system, although this miscibility gap cannot be
observed (i.e., it is metastable) due to the presence of the Ca;MgSi,Og (merwinite)

compound in the middle of the miscibility gap. (See Appendix I)

The predicted miscibility gap in the [Ca, Mg, Fe* ™ [Ca, Mg, Fe? M!Si0, olivine
quadrilateral (MgzSiO4-Fe;Si04-CaMgSiO4-CaFeSiOs) system are shown in Figure
3.20. The ternary miscibility gap is predicted solely from the binary model parameters
with no additional ternary parameters. The agreement with experimental data is
excellent. The olivine quadrilateral is very important to an understanding of the

evolution of the mantle of the Earth and the rocks in the Moon and Mars.

The previous model by Davison and Mukhopadhyay (1984) considered Ca to exist only
on M2 sites, while in reality it can enter both M2 and M1 sites as modeled in the present
study (y-Ca,SiOy is stable: [Ca][Ca]SiO4). Therefore, the present model should describe

the thermodynamic properties better than the previous model.
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Figure 3.18 : The relationship between the cation distribution equilibrium constant, K,

and the ratio of ionic radii of constituent cations of the olivine solution, r, /r,. The A
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Figure 3.19 : Calculated miscibility gaps in the Ca;Si04-M;S104 olivine systems. (M =
Mg, Mn and Fe)
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Figure 3.20 : Predicted miscibility gap in the [Ca, Mg, Fe*'[M*[Ca, Mg, Fe* M'Si0,
olivine quadrilateral (Mg,;SiO4-Fe,Si04-CaMgSiO4-CaFeSiO,). Experimental data from
Davidson and Mukhopadhyay (1984).
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3.4 Pyroxene solution
3.4.1 Crystal structure

The pyroxene solutions can be generally formulated as (M2)(M1)(B)(A)O¢ where M2 =
Ca?', Mg™, Fe**, Mn*, Na', Li", M1 = Mg”, Fe?*, Mn®', Na', Li’, Fe**, AP*, Cr™*,
Ti**, B = Si*', Fe*', AP, Cr™", Ti** and A = Si*. M2 refers to cations in a generally
distorted octahedral coordination, M1 to cations in a regular octahedral coordination and
both B and A are tetrahedrally coordinated cations. It is noted that large cations like

Ca’" enter only on M2 sites.

Figure 3.21 shows the crystal structure of pyroxene. The structure of all pyroxenes can
be described in terms of alternating tetrahedral and octahedral layers that lie parallel to
the (100) plane. The tetrahedral layer is composed of infinite chains of corner-sharing
tetrahedra running parallel to the ¢ axis. Alternate chains along the 5 axis have
tetrahedra pointing in the + @ or — a directions. The base of each tetrahedron lies
approximately parallel to the (100) plane, and the repeat unit along the ¢ axis consists of
two tetrahedra. The octahedral layer is composed of the six- to eight-coordinated M2
site and the octahedral M1 site. The M1 octahedra share edges to form infinite chains
parallel to the ¢ axis. The M2 polyhedra are either eight- or six-coordinated, depending
on their occupancy by the cations: The site is eight-coordinated when it contains Ca** or
Na' but is approximately six-coordinated when it contains the smaller Mg?**, Fe**, Mn**
and Li" cations. Because the M2 site is bigger than the M1 site, cation distribution

between M2 and M1 sites is observed, which depends on temperature.

Four different structural polymorphs of pyroxene are found under normal pressures:
C2/c (monoclinic: clino-pyroxene), P2I/c (monoclinic: low clino-pyroxene), Pbca

(orthorhombic: ortho-pyroxene) and Pbcn (orthorhombic: proto-pyroxene). The four
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different structures differ mainly in the manner in which the octahedral and tetrahedral

layers are linked.

Trivalent cations such as Fe**, AP*, Cr’* and Ti*" are known to substitute for the

divalent cations and for Si*" (coupled substitution):
.(X3+)Ml+(X3+)B: (M2+)Ml+(si4+)B (341)

More details about pyroxene solutions can be found in the literature (Morimoto, 1998;

Deer et al., 1966; Papke, 1987).

PYROXENE

Figure 3.21 : Crystal structure of pyroxene. (after Papike, 1987) (a) Diopside projection

on (110) plane. (b) I beam diagrams illustrating the four pyroxene structures.
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3.4.2 Thermodynamic model
3.4.2.1 Previous model

Davidson and Lindsley (1985, 1989) modeled the pyroxene quadrilateral (Mg;Si,Og-
Fe,Si,04-CaMgSi,04-CaFeSi,O¢) system using the non-convergent site-disorder model
(Thompson, 1969): [Ca, Mg, Fe*'"[Mg, Fe*'1M'Si,0s. In this model the Gibbs

energies of solutions are expressed as:

G" =) > ¥MYMG, -TS. +G* (34.2)
i

i

where ¥ and Y™ are mole fractions of i and j on M2 and M1 sites, G; is the Gibbs

energy of the [i][/]Si20¢ end-member, Sc is the configurational entropy and G" is the

excess Gibbs energy given by:

Se =-RO Y In¥M + > rM™ Iny™) (3.4.3)
G" =GP + GPME = RT(QQ Y™ Iny™ + 3 1" ny™) (3.4.4)
Substituting the long-range order parameter t = Y, - — Yo' and

X = X:f;&f = XMg28i206 , Y= Xg:g\ad2 = X ca2si206 5 AGEO = GMgFe - GFeMg (3.4.5)
AGY = GMgFe + GFeMg = Gpepe — GMgMg (3.4.6)

FO = 2(GCaMg - GCaFe) + GFeFe - GMgMg (3 47)

the Gibbs energy of the pyroxene solution can be expressed as:
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G" =AGIXU - X -+ Yt/2+1° /4] + F[X(t/2 + X + V)]
+(I = X = 2V)Grosi206 + 2YGpesinos + XGI(\)/Ig2Si206 —AGg[YI~X =Y -1/2) +1/2]
+ RT[ Z(}/IMI ln)/lMlylMl)+ Z()}JMZ lnXlMZle\d2)]

i=Mg,Fe j=MgFe,Ca
(3.4.8)

So the model parameters are: 4G;, 4G., F° and G®. Each term in G® is a function of

W parameters.

RTInyy, = W5[2X,, X5, + X X, /24 Xy Xpe X o ]
+ Wi [XE (1-2X ) + X X, /2 - X, X X, ]
+ WE[2X , Xe, + XXy 12+ X1, X X, ]
+ Wi [X2, (1-2X )+ X X /2= Xy X X ]
+ WX X, /2= XX, + X X2 ]
+ WX X, /2+ X2 X, = X X2

(3.4.9)

RTInyy, = W5[X3, (1-2Xp) + Xy X /2 = Xy Xpe X o ]
+ Wo2X 3 Xpe + Xpng X o 12+ Xy XreXa ]
+ WX e X o = XaeXew = Xpe X /2]
+ WX e X o = XngXew = X X /2]
+ WR2X X, + X X, /24 Xy X pe X ]
+ WHIXE (1-2X ) + X, X, /2= X, X5 X ]

(3.4.10)

RTInyg, = WS[X, X5, = X Xpe = X5 Xy, /2]
+ WX e X e = Xe X e = X g X /2]
+ W[ X (1= 2X ) + X, X /2 = Xy, X5 Xy |
+ WX 3 X ey + Xy Xpe 12+ X, X X, ]
+ WHIXE (1-2X ) + X, X /2= X, X X e, ]
+ WH2XE X, + Xy X / 2+ Xy, X X, ]

(3.4.11)
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where the superscripts o are omitted from the mole-fraction terms for simplicity;
subscripts on W terms represent Mg(1), Fe(2) and Ca(3). Since Ca is only considered to
exist in M2 sites, W,;, W;,, W,, and W,, pertain to the M2 site only and their
superscripts are omitted. Also because the only mixing considered on both M1 and M2
sites is Fe-Mg and because no asymmetry in Fe-Mg mixing is required, W} (=W,"')

and W,)* (=W,'*) are abbreviated as W™ and W™, respectively.

At equilibrium, dG” /dt = 0. Hence:

dG™ | dt = AG) (Y +1)/2+ F°Y /2~ AGS(1-Y)/ 2+ W, [Y(=1/2+t/2 - X +2Y)]
+ W, [Y(-1/2-t/2+ X =2Y)]+ W,,[Y(3/2+t/2-X -2Y)]
+W,[Y(-1/2-t/2+ X+2Y)[+ WM [(1/2-t/2-X -Y)/2]

+ W™ [(1/2-t/2+X)/2]-1/2RT In(Ypa Yoo / Yor Yo )

(3.4.12)

So, nine model parameters were used to model the [Ca, Mg, Fe* " [Mg, Fe?"TM'$1,06
pyroxene solution: 4Gy, 4G, and F° to determine the unknown Gibbs energies of the
end-members ([Mg][Fe]Si;Os, [Fe][Mg]Si»O¢ and [Ca][Fe]Si,Os), and the W parameters

as excess interaction energy parameters. The Gibbs energies of real end-members such

as Mg,SiOs, Fe;Si04 and CaMgSiO,4 are well known.

Sack and Ghiorso (1994) also modeled the pyroxene quadrilateral [Ca, Mg, Fe7‘+]M2[Mg,

Fe” M!S1,06 using a similar model.

However, both thermodynamic modelings (Davidson and Lindsley, 1985, 1989; Sack
and Ghiorso, 1994) were limited to pyroxene solutions in the pyroxene quadrilateral

(Mg251,06-Fe,S1,06-CaMgSi,06-CaFeSi,0¢) system with no consideration of equilibria
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with other phases such as olivine, spinel, wollastonite and slag. That is, in both
thermodynamic modelings, the model parameters were optimized in order to reproduce

the phase equilibria between pyroxenes.

3.4.2.2 Present model

Four pyroxene solid solutions; clino-, proto-, ortho- and low clino-pyroxene, are
modeled in this study. Although the crystal structures are slightly different, the same
model can be used for all pyroxene polymorphs. The structure of pyroxene in the

present study may be formulated as follow based on its crystal structure:
[Ca, Mg, Fe*' M [Mg, Fe**, Fe’*, A1 M'(Si, Fe*", AI*M)Si*Op (3.4.13)

In order to describe the Gibbs energy of solution, the Compound Energy Formalism

(Appendix XI) is used.

G" =Y > > ¥"rMreG, ~TS. +G* (3.4.14)
ij ok

where YiMZ, Yle and Y2 represent the site fractions of constituents i, j and &k on the
octahedral M2 and M1 sublattices and tetrahedral B sublattice, respectively. Gij is the
Gibbs energy of an end-member [i]**[j]™ (k)®SiOs, Sc is the configurational entropy

assuming the random mixing of cations on each sublattice:

Se =-RQ_ M Iy + 3 yM inr™ + 3 v2 Inv?) (3.4.15)
i j k

and G® is the excess Gibbs energy:
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EEDIDIDIPI B4 40 4 Sl (3.4.16)
a b ¢ d

where 3™ is the interaction energy between cations a and b on the [ sublattice when

the other sublattices, m and n, are occupied solely by cations ¢ and d, respectively. The

L parameters may be expanded as Redlich-Kister polynomials in the site fractions:

L, = 3L - 1) R

k

It is assumed that the interaction energy Ly between a and b on the [ sublattice is the

same regardless of the cations ¢ and d on the m and »n sublattices.

The pyroxene model in equation (3.4.14) contains 36 end-members. Many of them are
fictive or hypothetical charged end-members. The Gibbs energies G for only a small
number of neutral end-members are known. Thus, as for the spinel model discussed
above (See section 3.2.2), certain logical and rational methods to determine unknown
Gibbs energy of fictive and hypothetical charged end-members are required due to the

lack of sufficient thermodynamic data to fix the Gibbs energies of all end-members.

The following set of model parameters and associated optimization strategy are used to
determine the model parameters for pyroxene solutions. The known Gibbs energies of
stable end-members are directly used as model parameters in the present model. The 4
and ¥ parameters, related to certain reciprocal site exchange reactions, are used to
determine the Gibbs energies of fictive and hypothetical end-members. The Gibbs
energies of all site exchange reactions are expected to be small and so can often be set to
zero. In this way, most of the model parameters are set to zero. Thus, the sequence of

optimization is important in the present model, as is the case for spinel solutions.



[Ca, Mg, Fe*' T} [Mg, Fe*', Fe**, A" M (Si, Fe’*, AP")PSi*Og

(C=Ca,M=Mg, F=Fe®", S =8i, A=A, T=Fe’")

Gys = G°(CaMgSi;Os) (diopside)
Gps = G%(CaFeSi;06) (hedenbergite)
Gy = G°(FeaSi,0g) (ferrosilicate)

Gyus = G°(Mg2Si0¢) (enstatite)

Gean = G°(CaALSiOg) (Ca-Tschermak)

Gera = G°(CaFeAlSiOg) (esseneite)
ASMF = Gyms + Gprs = Gurs = G pus
I?VIF = Gyrs ~ Gpus

CAAT =Gerr + Gean ~Gear —Gera
CIAT =Gear —Gema

Pras =Gran +Geps ~Grrs ~Gean
Waas =Gmaa * Gcoms — Gmms —Cean
ATCF,TA =Gera +Gprr = Gerr = Gpa
A?:F,TA =Gean +Grra —Gera = Gpaa
FAAT =G +Gran ~Grar =G
ATCM,TA = GCTA + GMTT _GCTT - GMTA
A?IM,TA = GCAA + GMTA - GCTA - GMAA
MAAT =Gyr + GVMAA —Guar —Guma
Gprs = Grps

CAFTS =Gepr +Geps ~Gepr —Cors

M —
AFTS - GMTT + GMFS _GMFT _GMTS

(3.4.18)
(3.4.19)
(3.4.20)
(3.4.21)
(3.4.22)
(3.4.23)
(3.4.24)
(3.4.15)
(3.4.26)
(3.4.27)
(3.4.28)
(3.4.29)
(3.4.30)
(3.4.31)
(3.4.32)
(3.4.33)
(3.4.34)

(3.4.35)
(3.4.36)

(3.4.37)

(3.4.38)

86
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FArrs = Gppp + Gps = Gpr — G (3.4.39)
“Aprsa = Gera + Gers — Gers — Gera | (3.4.40)
MArrsa = Gura + Guirs — Gurs — Gya (3.4.41)
*Arrsa = Grpra + Grrs = Grs — Grra (3.4.42)
“Apasa =Gera +Geas = Gers — Gean (3.4.43)
MArasa = Gupa + Goas — Guars — Gnan (3.4.44)
*Aasa = Grra + Gras — Gres — Gpan (3.4.45)
Ao = Grps + Goprs — Gars — s (3.4.46)
“Ayrs = Gerr +Gems — Genr — Gers (3.4.46)
MAyrs = Gy + Gumis — Gannr — O ars (3.4.47)
*Ayrs = G prr + G s = G pr — Grrs (3.4.48)
“Ayas = Gean + Gams —Gema ~Geas (3.4.49)
"Anas = Gyan + Guws ~Gama ~Cuias (3.4.50)
"Asias = Gran + Grms = Grma = Gras (3.4.51)
A7 = Gps + Gops = Geps = Gprs (3.4.52)

The first six parameters are the Gibbs energies of neutral pyroxene components. The 4
and ¥ parameters are related to the reciprocal reactions and were initially set to zero.
The I parameters are related to the cation distributions between sublattices. For

example, the cation distribution of Mg and Fe?* between M2 and M1 sites is determined
mainly by the parameter IS, and that of Fe’" and A" by I,,. Gp =Gy in
equation (3.4.36) is set, without loss of generality, as the reference state for hypothetical

charged end-members. Using the above model parameters, the Gibbs energies of all 36

end-members can be determined in a logical sequence.
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3.4.3 Discussion

The [Ca, Mg, Fe” M Mg, Fe* M!S1,0¢ system was first optimized because most of the
required experimental data are available in this pyroxene quadrilateral system. Next, the
solubilities of AI’* and Fe*" in pyroxenes were modeled with expansion to the B
sublattice.  Figure 3.22 shows the calculated pyroxene quadrilateral (Mg;Si,0¢-
Fe,Si,06-CaMgSi;0s-CaFeSi;Og) system at 1200° and 900°C. This quadrilateral system
is very important, along with the corresponding olivine quadrilateral, for geological

applications.

In the case of pyroxene, there are few data for the cation distribution except in the
MgSiO;-FeSiOs binary system. Even in this case, the cation distribution is known only
for the ortho-pyroxene solution. Figure 3.23 show the calculated optimized cation
distribution of ortho MgSiO3-FeSiO; pyroxene along with the experimental data.
(Details are in Appendix III.)

A positive enthalpy of mixing of the clino-pyroxene solution was measured in the
CaMgSi,06-Mg;Si,O5 system (see Appendix I). Moreover, as can be seen in Figure
3.24, the phase diagram in this binary section shows a very large miscibility gap in the
pyroxene solution. The miscibility gap of pyroxenes in the CaMgSi,Os-Mg251205
system seems to result from the large size difference between Ca®" and Mg2+ cations

(1. =1.00 A and fygr = 068 A) on octahedral sites M2 and M1. For a similar reason,

a miscibility gap may exist in the CaFeSi;O¢-Fe;Si;06 solution. These two binary
miscibility gaps extend to a very large ternary miscibility gap in the pyroxene

quadrilateral system as seen in Figure 3.22
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The dissolution of trivalent cations such as AI** and Fe’* in pyroxene were modeled by
the coupled substitution of divalent cations and Si*" as in equation (3.4.1). Solubilities
of A’ in pyroxenes have been reported for the sections, CaMgSi,Os-CaAl,SiOg(Ca-
Tschermak), CaMgSi,Os-MgAl,SiOs(Mg-Tschermak) and Mg;Si,Os-MgALSi0s(Mg-
Tschermak) (Hytonen and Schairer, 1961). The solubilities of AP in the first two
sections (maximum about 25 wt% Ca-Ts and 20 wit% Mg-Ts, respectively) are quite
extensive while the last one is smaller (maximum about 7 wt% Mg-Ts). The enthalpy of
mixing of pyroxene in the CaMgSi;Os-CaAl,SiOg section shows a positive deviation
from ideal behavior (Newton et al. 1977) which results in a miscibility gap in this
section at low temperatures. The immiscibility seems to result from the size difference
between Mg?* and AP’ cations on octahedral M1 sites. This is modeled by an excess

Gibbs energy parameter for the interaction of Mg®" and AI’* on M1 sites.
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(b)
Figure 3.22 : Predicted pyroxene quadrilateral (Mg,Si;O¢-Fe;S1;06-CaMgSi;Og-
CaFeSi,0¢) at 1200° and 900°C in this study. Noted that olivine (Oliv), tridymite (Trid)
and wollastonite (Woll) appear in the quadrilateral because FeSiO; is not stable at
normal pressures and CaFeSi;Og is stable below about 950°C. Experimental points

from Davidson and Lindsley (1985).
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Figure 3.23 : Calculated cation distribution of [Mg][Mg]Si,Os-[Fe][Fe]Si;Og ortho-
pyroxene compared with experimental data at different temperatures. Axes are mole

fraction of Fe in octahedral sites M1 and M2. (See Appendix III)
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Figure 3.24 : Calculated optimized phase diagram of the CaMgS1,06-Mg»S10¢ pyroxene

section.

The thick line shows the calculated metastable miscibility gap in the

CaMgSi,06-Mg,SiOg clino-pyroxene solution. opx (ortho-pyroxene) and ppx (proto-

pyroxene) also have similar miscibility gaps. (See Appendix I.)
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3.5 Monoxide solution
3.5.1 Crystal structure

The monoxide solid solution (space group: Fm3m) is the solid solution based on MO
oxides where M*" is a divalent cation such as Mg, Ca, Fe2+, Mn*, Co*, Ni%*, etc.
Almost complete solid solubility occurs across the monoxide solution except in the
Ca0-MgO system, which exhibits limited mutual solubilities. The monoxide solution
can also dissolve limited amounts of N»Os type solid oxides where N is a trivalent cation
such as AI**, Cr*" and Fe®*. The monoxide solution is often called the “halite (rock
salt)” solution because it has a structure similar to that of NaCl (halite). When two MO
oxides mix in the monoxide solution, it is easily understood that the mixing occurs only
on the cation sites for divalent metals. However, the defect model of the monoxide

solution with the dissolution of N,O3 type oxides has not yet been clearly elucidated.

In the case of the Fe-Mg-O (magnesio-wustite) solution, several investigations on the
defects accompanying the dissolution of Fe,O3 have been conducted. To characterize
the properties based on the point defect structure of the (Mg;.Fex)1.s0 solution, various
techniques were applied during the last decades. Recently, in situ techniques such as
Mossbauer spectroscopy, X-ray absorption spectroscopy (XAS), X-ray absorption near
edge structure (XANES), extended X-ray absorption fine structure (EXAFS),
thermopower and conductivity measurements have gained in importance for studying
the structure of the (Mg;Fe,)1s0 phase. The necessity of performing in situ
measurements results from the fact that quenching does not ensure that the equilibrium

state established at high temperatures is frozen in.

In general, the in situ spectroscopic measurements on the (Mgi..Fe.)1.sO solution
(Hillbrandt and Martin, 1998; Waychunas, 1983) reveal that: (1) Divalent cations (Fe)

are randomly distributed on the cation sublattice. (2) Trivalent cations (Fe’") form
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various defect associates involving Fe** cations and cation vacancies. Associates are

mainly of the form of two Fe>* cations and a cation vacancy (Fe’*-Va-Fe™").

Based on this structural information, the (Mg;.xFex)1.sO solution may be represented as

follows:
Mg*', Fe**, ‘Fe’"-Va-Fe’" ). 0 (3.5.1)

where Va means vacancy. It is noted that the vacancies are always associated with Fe’.
That is, Fe’™ and Va are not distributed randomly in the cation sublattice but the

associates of Fe*" and the vacancy mix randomly with Mg®* and Fe®".

Although widely studied, especially under in situ conditions, there is still a lack of direct
information on the dopant’s charge and on details of the local environment. Hence, the
point defect structure of (Mg..Fe,)1.s0 is still under debate. Also, the defect structure
of the (Mg;..Fe,)1.s0 solutions was studied mostly when x is small, so that structural

information at larger values of x is still lacking.
3.5.2 Thermodynamic model
3.5.2.1 Previous model

Fabrichnaya (1998) modeled the magnesio-wustite solution as (Mg*, Fe*, Fe’',
Va)(0*). The model assumed the random distribution of Fe’* and Va on the cationic
sublattice. The Gibbs energies of hypothetical end-members such as FeO!" and VaO*
were determined arbitrarily in order to reproduce the measured phase equilibria under
various oxygen partial pressures. Hallstedt (1992) modeled the MgO-Al,O; monoxide

solution with a small solubility of Al,Os using a similar model: (AI’*, Ca**, Mg*",
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Va)(0*). The Gibbs energies of both solution models were based on the binary model

parameters using a symmetric “Muggianu-like” approximation (Pelton, 2001).

Inherently, the previous models assume the random distribution of Fe’* and Va on the

cationic sublattice.
3.5.2.2 Present model
The monoxide solution in the MgO-FeO-MnO-Ca0O-Co0O-FeO, 5-Al0; 5-CrO; 5 system

is optimized in this study. In the present model, all divalent and trivalent cations are

assumed to mix randomly on the cationic sublattice:
(Mg?",Ca*" Fe?* Mn*" Co?* Fe’* AP ,Cr'")(0O%) (3.5.2)

The Gibbs energy of the solution is described by a polynomial expansion of the excess

Gibbs energy function:

‘ X m X n
"= G° +RT : : X, ' : oo
G ZX,G, + ZX lnX,+iZZj:X,XJ£Xi+XjJ (X; +XJ) a4y

(3.5.3)

where X; and G are the mole fraction and the Gibbs energy of component i and g™ is a

binary interaction parameter which can be temperature dependent, and powers m and »

are > 0. No ternary excess parameters were used in this study.

From a structural standpoint, the present model assumes inherently that vacancies,
which are introduced by the dissolution of trivalent cations, are all associated with the

trivalent cations and hence do not contribute to the configurational entropy.
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Alternatively, the structure of the monoxide solid solution by this model may be

schematically written as follows:

[Mg?, Ca>", Fe?', Mn*", Co™", ‘Fe’*-Va’, ‘AP*-Va’, ‘Cr’"-Va’](0%)
(3.5.4)

That is, the dissolved trivalent ions (A*") are assumed to be always associated with

vacancies (Va) in the form of ‘A¥-va’ pairs.

The Gibbs energy of the binary monoxide solution is expressed by a polynomial

expansion of the excess Gibbs energy. The Gibbs energies of ternary and

multicomponent monoxide solutions are calculated from the binary ¢;" parameters

using a symmetric “Kohler-like” extension (Appendix XII)(Pelton, 2001) except for the
MgO-FeO-FeO; s system. Thermodynamic and structural properties of the MgO-FeO-
FeO; s monoxide solution are very well studied. Figure 3.25 shows the calculated
optimized MgO-FeO-Fe,03; phase diagram at 1160°C. The monoxide solution MgO-
FeO-FeO, s (magnesio-wustite) exhibits complete solid solution between MgO and FeO,
and it can dissolve up to 10 mole percent FeO;s. The nonstoichiometry of
magnesiowustite with variation of oxygen partial pressure is calculated in Figure 3.26.
In order to describe this monoxide solid solution, it was found that an asymmetric
“Toop-like” interpolation technique with FeO;s as the “asymmetric” component
(Appendix XII) (Pelton, 2001) was more efficient than the symmetric “Kohler-like”
technique. (See Appendix II). All experimental data involving the magnesiowustite
phase can be described satisfactorily in the present study using seven binary parameters
with no ternary parameters, while Fabrichnaya (1998) could not reproduce all data

satisfactorily even when using ten parameters.
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The assumption of the present model (Fe’" and vacancies are associated) is closer to the
observations than the previous models (Fe** and vacancies are randomly distribution in

the cation sublattice).

Katsura and Kimuraf40]
log(P(0O,))= -0.68 (bar)
-4.04
-5.89
-6.82
-7.81~-7.65
-8.34
-8.87~-8.89
-10
-11

+ X X @ ¢ 4« p m O

MW+Spinel
Spinel 7

Spinel+Fe,0O,

i

09 08 0.7 0.6 05 0.4 03 0.2 0.1 "
FeO mole fraction F e203

Figure 3.25 : Optimized MgO-FeO-Fe,O; phase diagram with log Po,(bar) 1sobars at

1160°C. Thick lines are calculated phase boundaries and thin lines are calculated oxygen

isobars. (See Appendix II)
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Calculated nonstoichiometries of magnesiowustite phases with the

variation of oxygen partial pressure at various temperatures and molar Mg/(Mg+Fe)

ratios. (See Appendix II)
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3.6 Wollastonite solution
3.6.1 Crystal structure

Wollastonite is a chain silicate solid solution (pyroxenoid) based on CaSiO; in the

triclinic space group: P 1. The wollastonites are not structurally related to the pyroxene
group but have a different type of infinite chain structure, with three tetrahedra per unit
cell arranged parallel to the b-axis, this repeat unit consisting of a pair of tetrahedra
joined apex to apex as in the [Si;O;] group, alternating with a single tetrahedron with

one edge parallel to the chain direction.

The crystal structure of wollastonite is illustrated in Figure 3.27. In wollastonite with a
chain repeat of three, octahedral bands are composed of infinite chains running parallel
to the c¢ axis that are three octahedra wide. The central chain in each band is composed
of edge-sharing M3 octahedra. The M sites in wollastonite are occupied principally by
Ca, Mg, Fe and Mn. The three ‘M polyhedra’ in wollastonite have similar occupancy,

size, and distortion.

WOLLASTONITE

Figure 3.27 : Crystal structure of wollastonite. (After Papike, 1987)
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3.6.2 Thermodynamic model

As mentioned above, wollastonite is a CaSiO;-based solid solution. The divalent
cations such as Mg®, Fe** and Mn?* can be dissolved in three indistinguishable ‘M’

sites. Thus, the wollastonite solution can be formulated as follows:
[Ca, Mg, Fe, Mn]SiOs (3.6.1)
The excess Gibbs energy of wollastonite is described by a polynomial expansion with a

symmetric ‘“Kohler-like” extension (Pelton, 2001) of binary terms into multicomponent

systems:

m _ o Xi i j n i
G ~ZXiGi +RTiZXi1nXi+Z§Xin[Xi+XjJ [Xﬁer] o
(3.6.2)

where X; and G are the mole fraction and the Gibbs energy of component i, gi isa

binary interaction parameter which can be temperature dependent, and powers m and n

are 2 0. No ternary excess parameters were used in the present study.
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3.7 a-CaySi04 and o'-Ca,Si0, solutions
3.7.1 Crystal structure

Pure a-CaySiO4 and o'-Ca,SiOs have the orthorhombic and hexagonal structure
respectively. The crystal structures of their solid solutions are not well known because
Ca;S10,4 can easily transform to different polymorphic forms depending on the thermal

history. y-Ca;SiO, is a component of the olivine solution discussed previously.
3.7.2 Thermodynamic model

o-Ca;S104 and o/'-Ca,Si04 are Ca,SiOs-based solid solutions. In this study, Ca;Si04
with limited solubilities of divalent cations such as Mg**, Fe** and Mn?" is modeled as

follows:
[Ca, Mg, Fe, Mn},SiO4 3.7.1)
The excess Gibbs energy of the solution is described by a polynomial expansion with a

symmetric “Kohler-like” extension (Appendix XII) (Pelton, 2001) of binary and ternary

terms into multicomponent systems:

m _ 0 Xi i XJ n o
G —ZXiGi +2RTZ'Xi lnXi+Z;XiX5(Xi+XJ [Xi+Xj] g

(3.7.2)

where X; and G are the mole fraction and the Gibbs energy of component i, gi isa

binary interaction parameter which can be temperature dependent, and powers m and n
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are 2 0. The mixing of cation occurs on 2 moles of cation sublattice sites. No ternary

excess parameters were used in the present study.
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3.8 Liquid Fe solution
3.8.1 Thermodynamic model

3.8.11 Previous model: Classical Wagner Interaction Parameter

Formalism

Thermodynamic properties of steel have usually been described by the well-known
Classical Wagner Interaction Parameter Formalism (CWIPF). This model implicitly
assumes that all atoms dissolved in liquid Fe are distributed randomly and separately,
although the fact that this assumption is made is often overlooked. According to this

model, the Gibbs energy of an Fe-M-O liquid solution can be described as:

G" ==(XEgFe +XMgM +XQgO)+RT(X&InX£e +XMlnXM +XanXQ)
+ RT(X g iny o, + Xy lny,, + Xolny, )

(3.8.1)

where the g, are the standard Gibbs energies of the elements, X and X, are the mole
fractions of dissolved M and oxygen, and y,, and y,, are activity coefficients of M and

oxygen. The g. can be converted to g, the standard Gibbs energies of the elements in

the infinite dilution (Henrian) standard state, as follows:
g’ = g, +RTIny! | (3.8.2)

where y{ is the Henrian activity coefficient at infinite dilution. Accordingly, equation

(3.8.1) can be written as:
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G" =(Xr.8r + X8y + X80 )+ RI(X f,InX p, + X, InX,, + X InX,)
+ RT(Xanfie +XMlan_4 +XanfQ)

(3.8.3)

where f,; and f,, are activity coefficients relative to the infinite dilution standard state

given by:

Infy, =eyXy + puXy + enXo + puXgp + Prr O Xy Xg +o

(3.8.4)
In fo = 88XQ + pgng + ag‘XM + ngZM + pg’MXgXM - (3.8.5)

where the ¢ and p coefficients are called first- and second-order interaction parameters.
Note that ey = ey . Other interaction parameters may be included in the expansion to

account for interactions with other alloying elements.

. - . O
It is usually necessary for the cross-interaction parameters £ > P, pg’, pa® and

poM to be very negative in order to account for the very strong attractive interactions

between dissolved M and O atoms. Furthermore, in order to reproduce the measured
data over a range of temperature, the interaction parameters must generally have a

strong empirical temperature dependence, usually expressed as:
=a+b/T (3.8.6)

(and p= ¢ + d/T). By using many empirical parameters, it is often possible to reproduce
the measured equilibria over a limited range of temperature and composition. However,

the resultant equations extrapolate very poorly outside this range. In the case of very
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strong deoxidants such as Ca and Mg, the interaction parameter formalism has been
found to be incapable of providing a satisfactory description of the deoxidation

equilibria even over the temperature and composition ranges of the measured data.
3.8.1.2 Present model: Associate Model

A new model (Associate Model) has been developed in the present study to explain the
deoxidation process in liquid Fe more accurately. Schematic diagrams of the old and
new models are compared in Figure 3.28. Consider a ternary liquid solution Fe-M-O,
where Fe is the solvent and M is a metal solute. The solution is assumed to contain
dissolved unassociated M and O atoms as well as molecules (associates) M*O and, in
some systems at the highest concentrations of M, a small amount of M,*O associates.
The equilibria among the dissolved associates and the dissolved unassociated M and O

atoms are represented by:

M+O=M*0O Ag}o=-RTInK .o = 8o —8u — 80 (3.8.7)

IM+0=M,*0  Ag} ., =-RTINK, .o =80~ 280 — £ (3.8.8)

where the g’ are standard Gibbs energies in the infinite dilution (Henrian) standard

state.

Dissolved species are underlined (M and O) to distinguish them from the total amount

of M and O in solution. Hence, ny and n,, are the numbers of moles of unassociated M

and O atoms, while n,, and n, are the total numbers of moles of M and O in solution.

From mass balance considerations:

Ny =Ny + Nywg + 20y 4 (3.8.9)
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N =Ng +Nyeg + Ny e (3.8.10)

Let ny, =ng, be the number of moles of solvent. Species mole fractions X; may be

defined as:

X;=n;/(ny +0g +Nye + Ny 0 + M) 3.8.11)
(i=M, O, M*O, M,*Q, Fe), while overall component mole fractions X; are defined as:
X, =n,/(ny, +n, +ng) (3.8.12)
(i=M, O, Fe). Note that although np, =ng,, Xg # Xp-

The total Gibbs energy of the solution is then given by assuming random mixing of all

species:

G = (Npgr, +Ny8y + N80 + NyroLuo + an_mgfl\gfg)
+RT(ng In X, +ny In Xy, +no Xy + 0y InXypg + 1y 0 N Xy 00) (3.8.13)

+RT(ng, Infy, +1y Infy +n, Infy +nyu0 Ty + 0y 00 Infyy0)
Substitution of equations (3.8.7-10) into (3.8.13) yields:

m __ 4 o o [ o
G" = (N8 + Ny &ht T 1080 + Ny A8 0 + nMZ*OAgMz*O)

(3.8.14)
+RTY ninX, +RTY ninf,
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Equation (3.8.14) applies in the general case. However, for all systems in the present

study, excellent results were obtained by assuming:
fg:fm:fyﬁ:l (3.8.15)

. . . *, * . .
That is, interaction parameters such as ey °, &wng. efc. for interactions among the

various species were found to be unnecessary, as was also the case for &g . The only

excess Gibbs energy terms required were:

In f,y = e, -~ e (3.8.16)

In fe, =%aﬁX2M (3.8.17)

As discussed by Pelton and Bale (Pelton and Bale, 1986; Bale and Pelton, 1990; Pelton,
1997), equations (3.8.16) and (3.8.17) are modified forms of the Wagner formalism for
the Fe-M binary solution in which the final term in equation (3.8.16) has been included
in order to make equations (3.8.16) and (3.8.17) consistent with the Gibbs-Dubem
equation and other thermodynamic relationships. Such consistency is not found in the
Classical Wagner formalism except at infinite dilution. Note that this modification does

not increase the number of model parameters.

For every system Fe-M-O, the only interaction parameter used in the present study was
the binary first-order parameter ¢y . The binary parameters ¢; and gy, are obtained by
evaluation/optimization of available data for the oxygen-free Fe-M binary systems. The

parameters Agy., and 4gy ., are then obtained by evaluation/optimization of available

data for the Fe-M-O systems. For all systems studied, temperature-independent (i.e.

constant) values of 4gy., and 4gy, ., were found to be sufficient.
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For quaternary and higher-order systems Fe-M;-M,-....-O, the extension of the model

equations is straightforward and will not be given explicitly here. Additional first-order

cross-interaction parameters 8&1‘2 may be required. These may be obtamned by

evaluation/optimization of data for the oxygen-free Fe-M;-M; systems.

Finally, the activities of M and O can easily be shown to be equal to the activities of M

and O (in all cases relative to the infinite dilution Henrian standard states). Hence:

ay = Xy fy (3.8.18)
X

ofo (3.8.19)

3.8.2 Discussion

The differences between the old and new models are depicted schematically in Figure
3.28. The major difference is whether M and O are distributed separately or form some

associates when M and O have a strong affinity for each other.

The failure of the CWIPF for very strong deoxidation systems results essentially from a
wrong assumption of the behavior of solute atoms in liquid Fe. When Wagner applied
his formalism to the deoxidation in liquid Fe, the expressions for the interaction
parameters shown in equations (3.8.4) and (3.8.5) were originally taken from the Taylor
expansion for more than one independent variable. For example, the interaction

parameter In f,, can be expressed by the Taylor expansion:
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ol oln o’ln 0’ln
Inf,, =Info + "fMXM+——f£XO+i[ {MX; z_ﬂ-XM o
lax, M oex, ¢ 20 axy Y aX,X, T 7
3’1
+ anMXé]+....
ox; °

(3.8.20)

In this expression the partial derivatives are the limiting values at Xy — 0 and Xo — 0.

From the above equation, therefore, the interaction parameters are defined as:

oM :GlnfM_ L0 _ olnf
“ax, T M ax,

y  19°Inf, o O'Infy o Olnfy _,
pM - 2— R pM’ =— pM ——Z_XQ
2 ox} X, X, ox}

(3.8.21)

The most important assumption of the Taylor expansion is that the variables Xy and Xo
are independent of each other. That is, M and O in liquid Fe should behave
independently of each other. However, when the cross-interaction parameters are very
negative, then this already contradicts the assumption of the classical Wagner
interaction parameter formalism itself. This is why the classical Wagner interaction
parameter formalism cannot properly describe the strong deoxidation phenomena caused
by Ca, Mg and Ba. Less strong deoxidation phenomena (by Al, Cr, Ti, Mn, efc.) may be
described using the model, although several temperature-dependent cross-interaction
parameters are usually necessary, and extrapolations to other compositions and

temperatures are poor.

Several authors have attempted to model the Ca and Mg deoxidation curves using the
classical Wagner formalism without considering the formation of associates. Figure
3.29 shows several assessed Ca deoxidation curves from previous studies. Usually

authors only considered their own experimental data in their assessments. In some
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cases, the shapes of the assessed curves are very strange. The model parameters used in

the previous studies are summarized in Table I. As can be seen, very large negative
temperature-dependent first- and second-order interaction parameters ey Pus P’
were required. Furthermore, most authors also had to arbitrarily adjust the equilibrium

constant K,,, for the formation of solid MO (M = Ca, Mg and Ba) by two or three

orders of magnitude from its literature value in order to fit the data.

Thus, the difficulty in describing strong deoxidation by the classical Wagner interaction
parameter formalism essentially originates from its assumption that all dissolved solutes
such as M and oxygen are distributed randomly and behave separately. This assumption
leads to the wrong configurational entropy, especially when M has a strong affinity for

oxygen.

On the other hand, the Associate Model assumes the possible formation of associates in
order to describe the configurational entropy of dilute solutions when M has a strong
affinity to O. Although the Unified Interaction Parameter Formalism (UIPF) (Pelton
and Bale, 1986; Bale and Pelton, 1990; Pelton, 1997) is used to describe the Gibbs
energies of solution in a more thermodynamically correct manner, it is not the key of the
model. The key of the new model is an associate reaction in solution. Thus, the model
parameters of the Associate Model are the Gibbs energies of the associate formation,

while the CWIPF uses the cross-interaction parameters. Moreover, the Gibbs energies
for the association reactions, 4gy., and 4gy .., in equations (3.8.7) and (3.8.8) were
found to be temperature-independent and to reproduce the experimental data for all Fe-

M-O systems studied in this study. This indicates strongly that the configurational
entropy of the systems is well described by the model.

Figures 3.30 to 3.32 show the calculated optimized deoxidation curves in the Fe-Ca-O,
Fe-Mg-O and Fe-Ba-O systems using the Associate Model. The curves in the figures
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are calculated from the Associate Model with the assumed dissolved associate M*O (M
= Ca, Mg and Ba), with one temperature-independent parameter, Agm+o for the
association reaction M + O = M*Q. Using the Associate Model, no cross-interaction
parameter are necessary. Moreover, the accepted literature values, as recommended by
Turkdogan (1991), for the equilibrium constants for the reaction: M + O = MO(s) were

used.

The calculated solubility (deoxidation) curves by other authors all have strange shapes,
some with minima and maxima, and even one in the form of a circle. The model of
JSPS (1988) is the most widely used; the “deoxidation curve” calculated from this
model, and reported in the literature, is shown in Figure 3.29 by the dashed line. Hence,
it is believed that the present calculations elucidate the deoxidation behavior of Ca, Mg

and Ba for the first time.

It is shown that the Associate Model can be applied to all general deoxidation systems
Fe-M-O (M = Ca, Mg, Ba, Al, Ti, Cr, V, Mn, Si, B, Ce, Nb, Zr, ....) The details of the
model and results of the optimization of these Fe-M-O systems are shown in Appendix

IX.
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Figure 3.28 : Comparison of the models for deoxidation equilibria of liquid Fe. (a)

previous model (Classical Wagner Interaction Parameter Formalism: separate atom
model) and (b) new model (Associate Model).
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Figure 3.29 : Assessed deoxidation equilibria in previous studies using the Classical
Wagner Interaction Parameter Formalism. (a) Itoh et a/.(1997): ‘3’ and JSPS (1988): ‘I’
(b) Seo and Kim (2001) and (¢) Cho and Suito (1994) and Ohta and Suito (1997):

‘Eq.[7]’. Neither model can explain the entire region by one equation (need different set

of model parameters depending on composition range).
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Figure 3.30 : Total dissolved oxygen and total dissolved Ca contents of liquid Fe in

equilibrium with solid CaO. Lines calculated from database with the Associate Model.

Dashed line calculated from the Classical Wagner Formalism with parameters of JSPS

(1988). See Appendix IX.
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Figure 3.31 : Total dissolved oxygen and total dissolved Mg contents of liquid Fe in

equilibrium with solid MgO. Lines calculated from the Associate Model. See Appendix

IX.
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equilibrium with solid BaO. Lines calculated from the Associate Model. See Appendix
IX.
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Table 3.1 : Comparison of the model parameters for the Fe-Mg-O and Fe-Ca-O systems
obtained in previous studies using the Classical Wagner Interaction Parameter

Formalism with the present study using the Associate Model.

System MO(s) =a tMlggx7,3l) 1: ox, D Interacti;nlga;?z)lrlr;eter, a,?,l Ref
logKmgo = -9.89 £9, = -28094 and 2" order 2]
logKgo = -9.02 Epe = -8018 [3]
logKmgo= -10.31 €y = -37084 and 2" order [4]
Fe-Mg-O logKgo = -10.96 £, = -30364 and 2™ order [9]
logKmgo=-10.84 - [1]
: %
logKmgo = -10.86 A g;gzil?;z%i\g% /?nol This study
logKcao=-10.46 €0, = -54224 and 2" order [2]
logKca0=-11.57 g0 =-78489 [5]
logKcao=-10.76 €2 =-65270 and 2™ order [4]
logKcao=-9.11 g0, = -10245 [6]
Fe-Ca-O logKca0=-13.14 g0, = -88403 [7]
onkea=-13.5 | S O enereon |
logKcao=-13.65 - (1]
logKcyo=-13.32 o oyimo | This study

[1] Turkdogan (1991), [2] Itoh et al. (1997), [3] Han et al. (1997), [4] Seo and Kim
(1999), [5] Han et al. (1998), [6] Gustafsson and Mellberg (1980), [7] Kobayashi et al.
(1970), [8] Cho and Suito (1994) and [9] Ohta and Suito (1997).

* These models cannot explain the entire region by one equation (need different set of

model parameters depending on composition range).
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4. Application of the Thermodynamic Database to VOD Process

Simulation in Stainless Steelmaking

4.1. Introduction

The Vacuum Oxygen Decarburization (VOD) process is a secondary refining process in
the production of stainless steel. The main goal of the process is the reduction of carbon
in stainless steel by oxygen blowing as well as the refinement of other impurities such as
sulfur, phosphorus and nitrogen under reducing atmosphere. However, the process is
quite difficult to investigate and understand due to the complex thermodynamic
equilibria among ‘liquid steel-slag-refractories-solid oxides-gases’ involving vacuum

and oxygen blowing. The main components in the VOD process are:

Refractories: Spinel solution of MgCr,04-MgAl,04-MgFe»04-Fe304-FeCry04
+ Periclase (MgO-rich) with minor Cr,03, Al;O3, FeO and Fe,O;

Slags: Ca0O-MgO-Al,03-Si0,-CrO-Cr,03 with minor FeO, Fe;O3 and MnO

Liquid stainless steel: Fe-18wt%Cr-8wt%Ni-Al-Si-Mn-C-O etc.

Gases: oxygen blowing with Ar bubbling

One of the current issues in the VOD process is the extension of the lifetime of
refractories under harsh process conditions. Possible dissolution mechanisms of the
refractories have been investigated by analysis of real plant refractories after long term
use in operation.[Jones, 2001; Jones et al., 2000] Although the thermodynamic
equilibria between slags and refractories under reduced oxygen partial pressure should
be investigated in order to understand the mechanisms more clearly, this has not been
well investigated thermodynamically because of experimental difficulties: VOD is a

closed operating system under vacuum.
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Therefore, in order to investigate the refractory dissolution mechanism in more detail,
two groups, the CRCT at Ecole Polytechnique in Montreal and MTM at K.U. Leuven,
Belgium (led by Prof. P. Wollants) started a cooperative project on the VOD process.

As a first step in the project, all available thermodynamic data related to the VOD
system were gathered and the thermodynamic optimizations of the system were
performed. The main oxide system in the VOD process is Ca0-MgO-Al,0;-S10,- CrO-
Cr,0;3-FeO-Fe,03. The major part of this oxide system has now been optimized. The
spinel and monoxide databases for the Fe-Mg-Al-Cr-Ni-O system were developed in the
present study partially as part of this cooperation. New experiments on phase equilibria

and kinetics related to the VOD processes are being conducted by MTM.

The goal of this chapter is to apply the thermodynamic database to the simulation of the

VOD processes in order to better understand the corrosion mechanism of refractories.
4.2 VOD process simulation

4.2.1 Overview of VOD process

The VOD process consists of three stages. While the actual process conditions are a
function of the initial metal conditions and the steel grade, the general features are as

follows:

Oxygen blowing: The purpose of this stage is the decarburization of liquid stainless steel

by oxygen blowing. Alloys and fluxes can be added in advance. The oxygen flow rate is
between 30 and 60 Nm®/min and the blowing times range from 30 to 60 minutes. The
process is performed at pressures between 100 and 200 mbar. To enhance the kinetics of

the decarburization, bottom argon bubbling is performed.
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Degassing: The degassing stage can reduce the carbon content in the steel further by
reducing the total pressure to between 1 mbar and 5 mbar usually for 10 minutes.

During this stage, only bottom argon bubbling is performed.

Reduction: During the reduction stage, a reducing agent such as Al or Si is added to
recover the chromium that has been oxidized during the blowing stage. Also fluxes such
as dolomite, lime and fluorspar are added to control the slag composition and fluidity.
Some alloying elements are also added to produce the desired steel grade. The
reduction stage lasts more than 20 minutes and the total pressure is about 1 to 5 mbar.

Bottom argon bubbling is performed during the reduction stage.

Due to the bottom argon bubbling during all stages, the kinetics are fast in the VOD
process. Hence, the process is close to the equilibrium state and thus it can be well

simulated based on thermodynamic calculations.

4.2.2 VOD simulation (No consideration of refractories)

The equilibria between (gas/slag/liquid stainless steel/solid oxide) phases were
calculated using the FactSage (2002) software. FactSage has a special feature termed an
“open calculation.” This feature makes it possible to simulate gas blowing in an open
system. In a gas blowing process, gas is continuously injected into the reactor vessel.
The gas reacts, rapidly achieving equilibrium, and the equilibrium gases are
continuously removed from the system. The FactSage “open calculation” simulates this
process. During the VOD process, oxygen and Ar are continuously blown into the

vessel. It is assumed that equilibrium is attained rapidly.

In this study, the specific conditions (Jones, 2001) of the VOD process were chosen on
the basis of real plant process data at ALZ (Stainless steel company in Genko, Belgium).

In order to understand how the slag composition changes during the process, initially the
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refractory is not taken into account in the calculations. Actually, the refractory mainly
reacts with molten slag in the reduction stage. To investigate the dissolution mechanism
of refractory materials, the reaction between the final slag and refractories after the

reduction stage will be calculated later.

The specific conditions of the calculations are:

- Temperature: 1650°C (For convenience of the calculations. T is fixed. The actual
temperature range during VOD is between 1550°C and 1750°C)

- Amount of liquid steel per charge in VOD: 120 tonnes

- Initial steel composition in VOD process: Fe-18Cr-8Ni-0.4C-0.4Si-0.4Mn (in wt%)

- Oxygen blowing stage
Flow rate of oxygen: 35 Nm’/min (0.05 tonnes of O/min)
Oxygen blowing efficiency: 80% (0.04 tonnes of O,/min)
Flow rate of Ar: 0.35 Nm’/min
Duration: 50 minutes
Total pressure: 0.1 bar

Addition of fluxes: 0.45 tonnes CaO

- Degassing stage:
Flow rate of Ar: 0.35 Nm®/min
Duration: 10 minutes

Total pressure: 0.001 bar

- Reduction stage:
Duration: 40minutes
Flow rate of Ar: 0.5 Nm>/min

Total pressure: 0.001 bar
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Addition of fluxes: 1.8Ca0, 0.2MgO, 1.0Si, 0.15Al, 0.27Cr, 1.0Mn

(in tonnes)

The results of the VOD simulation are shown in Figures 4.1 to 4.3. Refractories are not
taken into account in these calculations. A second calculation will be performed below
to investigate the reaction between the slag (final slag in the reduction stage) and the

refractories.

Oxygen blowing stage:

As can be seen in Figure 4.1, the amount of solid and liquid (slag) oxide phases vary
during the process. CaO fluxed at the beginning of the oxygen blowing stage is first
transformed to Ca,SiO; because the blown oxygen reacts with Si in the reaction:
2Ca0(s) + Si + 1/204(g) = Ca,Si04(s). Next, slag saturated with Ca,SiO4 is formed as
oxygen reacts with more Si. Once the slag is formed, oxygen begins to react with Cr to
increase the Cr oxide content (mainly as CrO) in the slag. (See Figure 4.2) As oxygen
blowing continues, more Cr reacts and eventually Cr,Os (s) begins to precipitate from
the slag. At the end of the oxygen blowing stage, the amount of Cr,O; and slag are

calculated to be 2.6 and 1.8 tonnes respectively.

During the oxygen blowing stage, C is decreased by reaction with oxygen. (See Figure
4.3) But it should be noted that no decarburization occurs in the initial few minutes
because the blown oxygen reacts only with Si. Also, C is not reduced significantly after
the formation of Cr,0;(s) begins (after about 35 minutes) because the blown oxygen is
thereafter mainly consumed to oxidize Cr in the stainless steel to form chromium oxide
rather than being consumed in the decarburization reaction. Therefore, according to the
calculations, blowing oxygen for more than 35 minutes results in excess Cr,Os being

formed and so more time will be needed to reduce Cr,0j3 in the reduction stage. This is
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uneconomical. These result show that shortening the oxygen blowing time may increase

the efficiency of the VOD process.

Degassing stage:

In the degassing stage, the carbon is reduced thermodynamically to 20 wt ppm under
0.001 bar pressure. Simultaneously, most of the Cr,O3(s) formed during the oxygen
blowing stage is reduced to Cr in the liquid stainless steel. Small amounts of Mn may

be volatilized.

Reduction stage:

Lime, dolomite, ferro-Al and ferro-Si alloys are added in the beginning of the reduction
stage in order to reduce the chromium oxide content in the slag and to recover Cr in the
liquid stainless steel. Ferro-Cr and ferro-Mn may be added to adjust the final steel
composition. The amount of slag increases up to about 4 tonnes. The chromium oxide
content of the slag decreases from 40 wt% to less than 1 wt%. As can be seen in Figure
4.1, the final slag is saturated with neither the periclase nor spinel phase of the VOD
refractories. Therefore, significant corrosion reactions can be expected to occur

between slag and refractories.

4.2.3 Slag and refractories reaction

In the oxygen blowing stage, because the liquid slag mixes with a great amount of solid
Cr,0;, the corrosion of refractories may not be so severe. However, during the
reduction stage, because only liquid slag exists and the slag is less viscous (high CaO),
more reaction between slag and refractories can be expected. Hence, it is assumed that

the corrosion of refractories only occurs in the reduction stage. Therefore, the corrosion
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of refractories was simulated in a separate calculation using the final slag obtained after

the reduction stage.

The initial composition of the refractories (Jones, 2001) is: 58MgO + 6.5AL0; +
21Cr,0; + 13.5FeO (in wt%). For this composition, periclase and spinel are calculated
to coexist at 1650°C under reducing condition: 73wt% Periclase (composition: 72.8
MgO + 0.6 AL,O; + 9.1 Cr;03 + 17.5 FeO in wt%) and 27 wt% spinel (composition:
21.5 MgO + 22.5 Al,O3 + 53.4 Cr;03 + 2.6 FeO in wt%). That is, this is the calculated

equilibrium phase assemblage in the refractories.

Thermodynamic calculations were performed for reaction between the final slag
obtained in the reduction stage and the refractories. The change of slag composition and
the equilibrium phases were calculated with increasing dissolution of the refractories
into the slag. In the calculations, small amounts of refractory were “added” to the slag
incrementally, and the equilibrium was re-calculated after each incremental addition.
Figure 4.4 shows the amount of the equilibrium phases with the dissolution of
refractories. As can be seen in the figure, up to 0.5 tonnes of refractories can dissolve
before the slag becomes saturated in spinel. Thereafter, an additional 0.3 tonnes can
dissolve until saturation with periclase occurs. Thereafter, the corrosion rate should

decrease markedly.

The change of slag composition during the dissolution of refractories is calculated in
Figure 4.5. With the dissolution of refractories, the content of MgO increases while the
contents of CaO and SiO, decrease accordingly. The composition of slag analyzed at
ALZ after VOD process is (Jones 2001; Szabo, 2003): CaO(45 £ 3)-SiO»(35 * 3)-
MgO(9 * 2)-Al1,05(742), etc. in wt%. According to the calculations, the analyzed slag
composition can be located about between 0.5 to 0.7 tonnes, as marked in Figure 4.5.

(Although the calculated concentrations of CaO and SiO, are different from the



124

analyzed values by about 2 wt%, these concentrations could be highly dependent on the

fluxes added in the VOD processes.)

Therefore, from the present calculations it may be said that the slag dissolves the
refractories up to about 0.5 to 0.8 tonnes and that the periclase phase in the refractories
is corroded more severely than the spinel phase as can be seen in Figure 4.4. This was
also found from the analysis of worn refractories in the plant. (Jones, 2001) In order to
protect the refractories in the VOD vessel, therefore, more MgO flux should be added to
ensure that the slag phase is saturated with both periclase and spinel phase. Moreover,
additions of different types of flux can be easily simulated using the current
thermodynamic databases in order to determine the best refractories and fluxes for the

VOD process.

4.3 Summary

The thermodynamic databases developed in the present study were applied to the
simulation of the VOD process in stainless steelmaking. The complex ‘gas/slag/solid
oxides/refractories/liquid stainless steel’ equilibria under reducing atmospheres were
calculated using the “open calculation” option of the FactSage (2002) software. From
the simulated results, the dissolution mechanism of the refractories could be understood
more clearly and suggestions have been made to prolong the lifetime of refractories and

to make the blowing process more efficient.

Currently, on the basis of the present results, equilibrium and kinetic experiments for
better understanding the VOD process are being conducted by the MTM group in
Belgium. Process simulation software such as SimuSage (2002) will be used to better
model the process kinetics using the current thermodynamic databases. In the near

future, therefore, better modeling of the VOD process will be achieved in cooperation
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with the MTM group, with a view to improving the VOD process for stainless

steelmaking.
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Figure 4.1 : The calculated amount of solid and slag phases formed during the VOD
process at 1650°C for 120 tonnes stainless steel. The specific process conditions are

from real plant data at ALZ in Belgium.
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Figure 4.2 : The calculated slag composition during the VOD process at 1650°C for 120

tonnes stainless steel.
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Figure 4.3 : The calculated composition of liquid stainless steel during the VOD process

at 1650°C for 120 tonnes stainless steel.
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Figure 4.4 : The change of the phases at equilibrium during the dissolution of
refractories at 1650°C. In the simulation, the slag is taken from the final reduction slag
in Figures 4.1 and 4.2 and additions of small amounts of refractory are made
incrementally, with equilibrium being recalculated after each addition. The overall
refractories composition is 58MgO + 6.5A1,0; + 21Cr;O; + 13.5FeO (in wt%),
composed of spinel and periclase phases. The formation of periclase and spinel phases
in the figure means that the slag has become saturated in these phases and so the rate of

corrosion should decrease markedly.
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Figure 4.5 : The calculated change of slag composition during the dissolution of
refractories at 1650°C. The shaded square means the position of average slag

composition analyzed in ALZ after the VOD process. (See text for details)
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5. Discussions and Conclusions

5 binary, 9 ternary and 5 multicomponent systems (including all solid and liquid phases)
in the Ca0-MgO-Al,0;-Si0,-FeO-Fe,03-MnO-CrO-Cr,03-CoO  were  critically
evaluated and optimized in the course of the present study. All oxide systems were

optimized to be thermodynamically consistent with existing alloy and salt databases.

In Chapter 3, all thermodynamic models used in this study were described in detail. All
thermodynamic models are based on the structures of the solutions. The advantages of
the present models were discussed in comparison with previous models. All present
thermodynamic models show very high predictive ability. The complex spinel solid
solution in the Fe-Mg-Al-Cr-Co-O system was completely optimized with consideration
of non-stoichiometry. The liquid oxide and monoxide solutions were optimized.
Extensive silicate solid solutions such as olivine, pyroxene, wollastonite, efc. were also

well optimized.

A new Associate Model for molten steel was developed in order to explain the
deoxidation equilibria in liquid Fe. This model can accurately describe the deoxidation
phenomena of strong deoxidants such as Ca, Mg and Ba using only one temperature-
independent model parameter. This is not possible with the Classical Wagner
Interaction Parameter Formalism. This is, the first time the deoxidation equilibria of
these strong deoxidants has been elucidated. The model can be applied to the
deoxidation equilibria of all common deoxidant elements in liquid Fe and can explain
the deoxidation equilibria with fewer model parameters than the classical interaction

parameter model.

The thermodynamic databases developed in this study were applied, by way of example,

to industrial processes: inclusion engineering in the steelmaking industry and vacuum
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oxygen decarburization (VOD) simulation in the stainless steelmaking process. The

usefulness of the present optimized databases can be confirmed from the results.

The newly optimized databases and thermodynamic models for the oxide phases and
liquid Fe have been incorporated into the FACT databases. Consequently, the accuracy
and range of applicability of the FACT thermodynamic database to industrial and

natural processes has been expanded significantly.

The phases and systems evaluated and optimized in the present study are summarized

below:
Phases:
Liquid oxides (slag): Si0,-Ca0-MgO-AlO; 5s-FeO-FeO, s-MnO-CrO-CrO, 5-CoO

Spinel: (Fe**, Fe**,Mg?*, AI**, Cr**,Cr**,Co™,Co™)’

[Fe®* Fe*' Mg, AP*,Cr’,Co*",Co™,Valj O,
Olivine: [Ca, Mg, Fe**, Mn®*, Co®' ™*[Ca, Mg, Fe**, Mn**, Co*'T"'SiO,
Pyroxene: [Ca, Mg, Fe*' ™ [Mg, Fe?', Fe**, A" TM(Si, Fe*', AI)®Si*O5
(clino-, ortho-, proto-pyroxene)
[Ca,Mg]Mz[Mg]MISizO6 (low clino-pyroxene)
Monoxide: (Mg2+,CaZ+,Fe2+,MnZ*L,Coz“L,Fe3 +,A13+,Cr3 +)(Oz')

Wollastonite: (Ca, Mg, Fe, Mn)SiO3

a-CapSi0y4 and o'-CaySi04: [Ca, Mg, Fe, Mn],S104
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Numerous stoichiometric unary, binary and ternary oxide compounds: CoO(solid and
liquid), solid Ca3;MgSi20s (merwinite), Ca,MgSi,O; (akermanite), CaMg;Al16027,
Ca;MgyAlg046, CasMgAlOy9, MnALO,s (galaxite), Mn,AlsSisO5 (Mn-cordierite),
Mn;3AlLSi;Oy, (spessarite), MgsAl;oSi;Sizs (sapphirine), Mg,AlsSisO1s (cordierite), as

well as all end-members in solid solutions.

Liquid Fe: Deoxidation equilibria of liquid Fe containing Al, B, Ba, C, Ca, Ce, Cr, Hf,
La, Mg, Mn, Nb, Nd, Ta, Ti, Th, Si, V and Zr.

Systems:

(1) CaO-MgO-SiO; system (Appendix I)

A complete critical evaluation and thermodynamic modeling of phase diagrams and
thermodynamic properties of the CaO-MgO-SiO; system at 1 bar pressure are presented.
The molten oxide phase is described by the Modified Quasichemical Model, and the
Gibbs energies of the olivine and pyroxene solid solutions are modeled using the
Compound Energy Formalism. A set of optimized model parameters of all phases is
obtained which reproduces all available and reliable thermodynamic and phase
equilibrium data within experimental error limits form 25°C to above the liquidus
temperatures over the entire composition range. The database of the model parameters
can be used along with software for Gibbs energy minimization in order to calculate any

phase diagram section or phase equilibrium of interest.

(2) Mg-Fe-O system (Appendix IT)
Complete critical evaluation/optimization of experimental data at 1 bar total pressure for
the FeO-Fe,03-MgO system is performed in this study. The optimized model parameters

can reproduce all reliable thermodynamic and structural data as well as the phase diagrams
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of the FeO-Fe;03-MgQ system within experimental error limits. No ternary model
parameters were required. For the spinel phase, no model parameters for interaction
energies between cations on the same sublattice were needed. Using a proper
thermodynamic model for each phase minimizes the number of model parameters required
in the optimization and improves the extrapolation of binary and ternary parameters into
multicomponent systems. The optimized parameters can be readily used with general
thermodynamic software and databases, such as FactSage, to calculate phase equilibria at

any given set of conditions and to model various industrial and natural processes.

(3) MgO-FeO-Fe,0;3-S10; system (Appendix III)

The liquid and solid phases in the FeO-Fe,03-MgO-SiO, system are of importance in
ceramics, metallurgy and petrology. A complete critical evaluation and thermodynamic
modeling of the phase diagrams and thermodynamic properties of oxide phases in this
system at 1 bar total pressure are presented. Optimized equations for the
thermodynamic properties of all phases are obtained which reproduce all available
thermodynamic and phase equilibrium data within experimental error limits from 25 °C
to above the liquidus temperatures at all compositions and oxygen partial pressures. The
database of the model parameters can be used along with software for Gibbs energy

minimization in order to calculate any type of phase diagram section.

(4) MgO-Al1,0;, Ca0-MgO-AL 05 and MgO-Al,03-Si0; systems (Appendix IV)

A complete critical evaluation of all available phase diagram and thermodynamic data
for the MgO-AlL,0;, CaO-MgO-AlL,03; and MgO-AL0;-Si0; systems has been carried
out, and a database of optimized model parameters has been developed. A wide variety
of available data is reproduced within experimental error limits by a very few model
parameters. With the present optimized database, it is possible to calculate any phase

diagram section for all compositions.

(5) MnO-Al,03; and MnO-Al,03-Si10; systems (Appendix V)
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A complete critical evaluation and optimization of all available phase diagram and
thermodynamic data for the MnO-Al,03-SiO; system has been made, and a database of
model parameters has been prepared. All data are reproduced within experimental error
limits. Together with the model and database for molten steel and the FactSage
software for Gibbs energy minimization, thermodynamic calculations have been
performed to demonstrate the application to inclusion control of Mn/Si deoxidized steel.
The calculated results are in good agreement with experimental data, showing that the
thermodynamic databases can be a useful tool in predicting equilibria of interest in
inclusion engineering. Future developments include integrating this database with the
present Si0,-Ca0-MgO-AlL03-FeO-Fe,03-TiO-TiO,-CrO-Cr,03-S  database, thereby

increasing the range of applicability.

(6) CaO-MnO-Al,0;-Si0; system (Appendix VI)

The thermodynamic properties of the CaO-MnO-Al,0;-SiO, system were optimized,
using all available thermodynamic and phase diagram data. Solid solutions were
modeled with a polynomial expansion for the excess Gibbs energies and the Compound
Energy Formalism. The Modified Quasichemical Model was used for the liquid slag
phase. The optimized phase diagrams are presented. Equilibria between inclusions and
Mn/Si-killed steel were calculated with the FactSage software (1), using this newly
optimized oxide database and the previously optimized database for liquid Fe solutions;
the accuracy and capability of the databases were verified by comparing the calculations
with experimental data. The databases were used to calculate suitable ranges of Mn/Si
ratio in liquid steel in order to obtain deformable inclusions during the wire-making
process for Mn/Si-killed tire-cord steel, and the rolling process for Fe-36%Ni Invar

steel. Finally, the effect of CaO-based top slags on inclusions was discussed.

(7) Mg-Cr-Al-O system (Appendix VII)
The MgO-Al,03-CrO-Cr,03 system at a total pressure of 1 bar was critically evaluated

and optimized based on all available and reliable thermodynamic and phase diagram
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data. As a result of the optimization, one set of model parameters has been obtained
which reproduces all the data within experimental error limits in the temperature range
from 25°C to above the liquidus and for oxygen partial pressures up to 1 bar. The
variation of the melting temperature of MgCr,O4 with oxygen partial pressure and of the
MgO-Cr,03 phase diagram with oxygen partial pressure are elucidated for the first time.
Phase equilibria can be calculated for temperatures, compositions and oxygen partial

pressures where data are unavailable.

(8) Fe-Co-O system (Appendix VIII)

The Co0-Co0304 and Fe-Co-O systems are critically evaluated and optimized over the
entire range of composition and temperature up to oxygen pressures of 100 bars.
Cobaltwustite and spinel solid solutions are modeled with a polynomial expansion for
the excess Gibbs energies and the Compound Energy Formalism respectively. The
Modified Quasichemical Model is used for the liquid slag phase. The evaluation/
optimization results show that the previous phase diagram of the Fe-Co-O system
proposed by Muan may be erroneous, and is not consistent with other experimental data.
New optimized phase diagrams for the CoO-Co0304 and Fe-Co-O systems are presented
in this study.

(9) Liquid Fe system (Appendix IX)

A new deoxidation model (Associate Model) is developed for liquid Fe. This model is
applied to the general deoxidation equilibria in liquid Fe containing Al, B, Ba, C, Ca,
Ce, Cr, Hf, La, Mg, Mn, Nb, Nd, Ta, Ti, Th, Si, V, Zr. The deoxidation curves for Ca,
Mg and Ba are elucidated for the first time.

Applications of the databases to calculations involving “Inclusion Engineering” are
illustrated in Appendix X. Several case studies are presented illustrating applications to
complex steelmaking processes such as: Ca injection processes (Fe-Ca-Al-O inclusion

diagram), corrosion of refractories, Mn/Si deoxidation, Ti/Al deoxidation (Fe-Al-Ti-O
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inclusion diagram), spinel formation (Fe-Mg-Al-O inclusion diagram), (Ti,N)(N,C)

inclusion formation, oxide metallurgy.
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Thermodynamic Modeling of the CaO-MgO-SiO, System

IN-HO JUNG, SERGEI A. DECTEROV, and ARTHUR D. PELTON

A complete critical evaluation and thermodynamic modeling of phase diagrams and
thermodynamic properties of the CaO-MgO-Si0O, system at 1 bar pressure are presented. The
molten oxide phase is described by the Modified Quasichemical Model, and the Gibbs energies of
the olivine and pyroxene solid solutions are modeled using the Compound Energy Formalism. A
set of optimized model parameters of all phases is obtained which reproduces all available and
reliable thermodynamic and phase equilibrium data within experimental error limits from 25 °C to
above the liquidus temperatures over the entire composition range. The database of the model
parameters can be used along with software for Gibbs energy minimization in order to calculate
any phase diagram section or phase equilibrium of interest.

I INTRODUCTION

The Ca0-Mg0-Si0, system is of great importance in
metallurgy and geochemistry.  The phase equilibria,
thermodynamic properties of solid and liquid phases and
structural properties of solid solutions have been widely
investigated at 1 bar and also at high pressure. The purpose
of this study is to critically evaluate and optimize all
available experimental data at 1 bar pressure.

In a thermodynamic “optimization” of a system, all
available thermodynamic and phase-equilibrium data are
evaluated simultaneously in order to obtain one set of
model equations for the Gibbs energies of all phases as
functions of temperature and composition. From these
equations, all of the thermodynamic properties and the
phase diagrams can be back-calculated. In this way, all the
data are rendered self-consistent and consistent with
thermodynamic principles. Thermodynamic property data,
such as activity data, can aid in the evaluation of the phase
diagram, and phase diagram measurements can be used to
deduce thermodynamic properties. Discrepancies in the
available data can often be resolved, and interpolations and
extrapolations can be made in a thermodynamically correct
manner. A small set of model parameters is obtained. This
is ideal for computer storage and calculation of properties
and phase diagrams.

Thermodynamic optimizations for this system have
already been reported by Pelton and Eriksson!" using
simple solid solution models and the Modified
Quasichemical Model”™™ for the liquid oxide, and by
Huang et al!® who used the two-sublattice Compound
Energy Formalism!”? for the solid solutions and the ionic
liquid model® for the liquid oxide. However, several

important experimental studies of thermodynamic
properties and phase equilibria have been performed
subsequently. A wider range of experimental data,
including structural information on solid solutions such as
olivine, has been collected, evaluated and optimized in the
course of the present study, and a better overall description
of all the experimental data was obtained compared to the
previous optimizations.

The binary sub-systems, Ca0-MgO,” Ca0-Si0,"?
and MgO-Si0,!'"! have already been optimized and the
optimized binary model parameters are used without
change in the present study. Phase diagrams calculated
from the optimized parameters are shown in Figures 1 to 3.
In the evaluations/optimizations, all available phase
diagram data from several sources, metastable phase
equilibrium data, data on the Gibbs energies of all
compounds, and measured activities of SiO, in the CaO-
Si0, and MgO-SiO, slags were simultaneously taken into
account. The optimized binary model parameters for the
Modified Quasichemical Model for the liquid phase as well
as optimized expressions for the Gibbs energies of all
compounds and for the CaO-MgO solid solution are given
in References [9-11]. Based on these binary assessments,
the CaO-MgO-SiO, system is optimized in the present
study.

1L THERMODYNAMIC MODELS

All compounds and solutions are summarized in Table
I to clarify the names of the minerals and solutions used in
this study. All optimized model parameters are listed in
Table II.

A. Molten Oxide (Slag)

For the molten oxide (slag) phase, the Modified
Quasichemical Model™! has been used. This model has
been recently further developed and summarized.[** Short-
range-ordering is taken into account by considering second-
nearest-neighbor pair exchange reactions. For example, for
the CaO-MgO-SiO, slags these reactions are:



(Ca-Ca) + (Si-Si) = 2(Ca-Si),  AZc,omgo [1]
(Mg-Mg) + (Si-Si) = 2(Mg-Si), Ag Mg0,Si0, [2]
(Ca-Ca) + (Mg-Mg) = 2(Ca-Mg), Agc.omgp0 [3]

where (A-B) represents a second-nearest-neighbor A-B
pair. The parameters of the model are the Gibbs energies

AgA’B of these reactions, which may be expanded as

empirical functions of composition.

The optimized binary model parameters as well as the
optimized expressions for the Gibbs energies of all
stoichiometric compounds are given in References [9-11]
along with the second-nearest neighbor “coordination
numbers” of Ca, Mg and Si used in the Modified
Quasichemical Model. The asymmetric “Toop-like”“z]
extension of binary model parameters is used in order to
calculate the Gibbs energy of the ternary liquid, with SiO,
as the “asymmetric component”. In order to reproduce the
ternary phase diagram of the CaO-MgO-SiO; system, three
small optimized ternary model parameters were added in
the present study. These are listed in Table IL

B. Olivine Solid Solution

The olivine solid solution has two distinct octahedral
sublattices, called M2 and M1 [13-15]

(Ca™, Mg Y**(Ca™, Mg™)"'Si0, (4]

where cations shown within a set of brackets occupy the
same sublattice.

Because the M2 sites are bigger than Ml sites, Ca™
preferentially enters the M2 sites. Monticellite, CaMgSiO,,
is part of the olivine solution. For the olivine solution, the
model is developed within the framework of the Compound
Energy Formalism (CEF).""! The Gibbs energy expression
in the CEF per formula unit of a solution is as follows:

G=>>r"r"G, -TS. +G* [5]
i

where YM? and Y IM’ represent the site fractions of

constituents i and j on the M2 and M1 sublattices, G; is

the Gibbs energy of an “end-member” ()™*(/)™'SiO,, in
which the M2 and M1 sublattices are occupied only by |
and j cations respectively, Sc is the configurational entropy
assuming random mixing on cach sublattice given by:

Se = —R[Z M InyM 43 Y in Y,M'] (6]
i j

and G¥ is the excess Gibbs energy given by:
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GF = ZZZKM2Y}M2Y’€M1L¢" +ZZZ‘(:Y:¢M2KM1YJMI%
i)k i
(7]

where Lij.k and Lk:ij are interaction energies between

cations 7/ and j on one sublattice when the other sublattice is
occupied by k. The dependence of the interaction energies
on composition can be expressed by Redlich-Kister power
series:

L= "L, (Y =r")" 8]

m

Lij:k — Z mLk:ij ()/jMI _ Y;Ml)m [9]

Optimized mode] parameters are listed in Table II.
C. Pyroxene Solid Solution

There are four pyroxene solutions with different crystal
structures: ortho-, proto-, clino-, and low clino-. Like
olivine, the pyroxenes have two distinct octahedral
sublattices, M2 and M1.U517 However, unlike olivine, the
amount of Ca on the M1 sites is negligibly small, so that
the formula unit of pyroxenes can be written as

(Ca™", Mg )" (Mg M'Si,04 [10]

In the CaO-MgO-SiO, system, the end members of the
pyroxene solutions are Mg,Si,O¢ and CaMgSi,Og, and the
mixing of cations occurs only on the M2 sites. The Gibbs
energy of a pyroxene solution is expressed using Eq. [5] of
the Compound Energy Formalism. Optimized model
parameters are listed in Table II.

C. Wollastonite, a-Ca»SiO, and o'-CaSiOy Solid Solutions

Magnesium can substitute for calcium in wollastonite,
CaSiO;, which has a silicate chain structure and in a- and
o'-Ca,Si0;. A simple random mixing model with a
polynomial expansion of the excess Gibbs energy is used
for these solutions:

G=(G X, +G)+nRT(X,In X, + X, InX,)+G"
[11]
GF =Y g%, (X ) (X, [12]

where G is the Gibbs energy per formula unit of a solution
(see Table I), G; and G, are the Gibbs energies of the pure

end-members, G is the excess Gibbs energy, X, and Xp
are mole fractions of end-members, qZB are the model

parameters, and n=1 for wollastonite and »=2 for the a-



and o'-Ca,Si0, solutions. Optimized model parameters are
listed in Table II.

D. Monoxide Solid Solution

The monoxide solid solution exists in the CaO-MgO
binary system. (See Figure 1.) MgO and CaO have limited
solubilities in each other forming a solid miscibility gap.
The model parameters were taken from the previous study
by Wu et alP!

E. Stoichiometric Compounds

Pseudowollastonite (CaSiOj), hatrurite (Ca3SiOs),
rankinite (Ca;Si,05), Si0Q,, akermanite (Ca,MgSi,0;) and
merwinite  (CazMgSi,0g) are considered to be
stoichiometric compounds in this study.

11 EVALUATION/OPTIMIZATION OF
EXPERIMENTAL DATA

The liquidus surface calculated from the optimized
parameters is shown in Figure 4. Along the orthosilicate
and metasilicate sections, extensive solid solutions such as
olivine and pyroxenes exist. The other solid solutions such
as wollastonite, o- and o'-Ca,SiQ; exhibit limited
solubility. All calculated invariant points involving the
liquid exide are given in Table III. The details of various
phase diagram sections will be discussed below. The Gibbs
energies of the akermanite, diopside, merwinite and
monticellite ternary compounds were taken from the
assessment by Berman,'® with small corrections being

o
298.15

Table 1II in order to reproduce the phase diagram data.

made to the enthalpies of formation, [/ as shown in

A. Orthosilicate Section

Figure 5 shows the calculated phase diagram of the
Ca,Si0,-Mg,S10, section. y-Ca,Si0,, monticellite and
forsterite all belong to the olivine solution. Between
monticellite and forsterite, the olivine solution is known to
exhibit a miscibility gap. MgO dissolving a small amount
of CaO appears as a primary crystalline phase in the middle
of the phase diagram.

Gutt'” measured the phase diagram over the
composition region between Ca;SiO, and merwinite from
25 °C to liquidus temperatures. His results are shown on
Figure 6. Liquidus temperatures between 1800° and 2130
°C were measured by high-temperature microscopy. The
subsolidus regions were studied systematically by high-
temperature X-ray analysis up to 1575 °C, and quenching in
combination with X-ray analysis was used between 1575°
to 1590 °C. Gutt found very limited solubility of Mg®* in
o'- and y-Ca,Si0,, and no solubility in a-Ca,Si104. Phase
transitions from a to o’ and from o’ to y -Ca,SiO; were
reported at 1360 °C and 990 °C, respectively. The so called
“T” phase, Ca,;Mgp3S104 was found to be stable up to

149

1460 °C and to decompose to a-Ca,SiO, and merwinite.
However, the topology of the phase diagram constructed by
Gutt!*? is incorrect.

Schlaudt and Roym] studied the Ca,Si0,-monticellite
join at temperatures up to 1600 °C using a standard
quenching technique followed by microscopic and X-ray
analysis. (See Figure 6.) For temperatures higher than 1600
°C, a platinum or iridium strip furnace was used and
temperatures were determined by an optical pyrometer.
High-temperature DTA and high-temperature X-ray
diffraction were used to study the o’ to a transition in
Ca,Si0,, which was found to occur at 1400° C. X-ray
diffraction was shown to be unsuitable for determination of
the solubility of Mg®" in Ca,Si0; because the shifts in the
diffraction peaks with additions of magnesium were less
than the experimental uncertainty. (This might explain the
underestimated magnesium solubility in Ca,Si0, reported
by Gutt'"”). Therefore, the phase boundaries of the
Ca,Si0; solid solutions were determined by the first
appearance of phases other than Ca,SiO,. Merwinite was
found to melt incongruently at 1575 °C to form Ca,SiOy,
MgO and liquid. The “T” phase was observed in the
temperature range from 979° to 1381 °C when gel starting
materials were used. However, when crystalline oxide
starting materials were used, this phase was not found.
Schiaudt and Roy™” reported very limited solubility of
monticellite in merwinite. Sharp et al.”"} also observed a
small solubility from electron microprobe analysis of
merwinite samples equilibrated at about 5 to 10 kbar by
Yoder.'”? The molar Mg/(Ca+Mg) ratio in merwinite varied
from 0.25 to 0.26 (0.25 corresponds to stoichiometric
merwinite), but the (Ca+Mg)/Si ratio was equal to 2.00
indicating that the merwinite solution exists only along the
Ca,Si0,-Mg,Si0, orthosilicate join. In the present study
the limited homogeneity range of merwinite is ignored; i. e.
merwinite is considered to be a stoichiometric compound.

Osborn'”!  investigated phase relations in the
merwinite-monticellite region using a quenching technique
followed by microscopic phase determination. (See Figure
6.) Merwinite was found to melt incongruently to MgO,
Ca,Si0, and liquid at 1575 °C. The liquidus of MgO was
measured above 1700 °C.

Ricker and Osborn™ investigated the monticellite-
forsterite part of the orthosilicate section from 1100° to
1750 °C using a quenching technique followed by optical
and X-ray phase analysis. (See Figure 7.) Maximum
solubilities of 30 wt % monticellite in forsterite and of 30
wt % forsterite in monticellite were observed at 1500 °C.

The olivine miscibility gap was investigated more
thoroughly in several studies.”>?! Biggar and O’Hara®®
studied subsolidus phase equilibria between monticellite
and forsterite from 1200° to 1490 °C by the quenching
technique using both gel and crystalline precursors in
combination with optical and X-ray analysis. Yang®®" used
EPMA of quenched samples to obtain the compositions of
coexisting forsterite and monticellite solid solutions over
the temperature range between 1440° and 1496°C. Hatfield
et al® used the quenching method and microscopic
analysis to measure the compatibility triangles among MgO



solid solution, olivine and liquid oxide at 1550 °C and 1700
°C . The phase boundary of the forsterite solid solution
obtained from these triangles substantiates the data of
Biggar and O’Hara®® and Yang.”® The high pressure
experiments by Warner and Luth?®) and by Adams and
Bishop®”! also confirmed that the miscibility gap reported
by Ricker and Osborn?* is too narrow.

Monticellite (CaMgSiQO,) is often considered to be a
stoichiometric mineral. Ricker and Osborn®! reported that
the olivine solid solution extends from the CaMgSiO,
composition towards Mg,Si0,, but not towards merwinite.
Strictly speaking, monticellite of the exact stoichiometric
CaMgSiO, composition is not stable.  Biggar and
O’Hara® equilibrated this composition for 21 days at
about 1500 °C and oberved a mixture of 90 % monticellite
(olivine solid solution) and 10 % merwinite identified by
optical microscopy and X-ray diffraction. The instability of
stoichiometric monticellite was also reported in other
studies.[*?*]

The calculated Ca,Si0,-CaMgSiO; phase diagram
section is compared with experimental data in Figure 6.
Because the existence of the “T” phase as a stable
compound is still questionable, this phase is not shown. As
seen on Figure 6, Schlaudt and Roy™” observed two or
three phases in regions where the calculations indicate the
existence of one or two phases respectively. The phases
were not identified by Schlaudt and Roy.” The most likely
explanation is that the overall compositions of their
samples did not lie exactly on the orthosilicate section.

Kosa et al.®¥ reported the enthalpy of incongruent
decomposition of merwinite into liquid, Ca;SiO4 and MgO
at 1575 °C to be 125 £ 15 kJ per mole of merwinite. The
calculated value is 120.0 kJ/mol at 1576 °C.

Figure 7 compares the calculated CaMgSi04-Mg,Si0,
phase diagram section with experimental data. The
solubility of monticellite in forsterite and vice versa (that is,
the miscibility gap in the olivine solution) and the
nonstoichiometry of monticellite are well reproduced.
Figure 8 shows an enlargement of the peritectic melting of
monticellite (olivine solid solution). In the previous
assessment by Huang et al.,'9 the range of stoichiometry of
monticellite (olivine) was shown extending from the
CaMgSi0,4 composition not only towards the Mg,SiO;, side,
but also towards the Ca,SiO, side in contradiction to
several studies mentioned above.?%**! The liquidus of
MgO at the monticellite composition measured by Ricker
and Osborn® is substantially lower than the calculated
liquidus which is consistent with the results of Osborn®®*!
and Ricker and Osborn at other compositions. This could
result from a small deviation of their experimental samples
from the orthosilicate section combined with the very steep
MgO liquidus in that region. (See Figure 4.) Overall, the
calculated Ca,Si04-Mg,SiO, phase diagram section and the
experimental data agree within experimental error limits.

Lumpkin and Ribbe!™? and Lumpkin er al." studied
the distribution of Ca?" and Mg®* cations between the M1
and M2 sites of the olivine solid solution by measuring
lattice parameters. Ca®*, with an ionic radius of 1.00AP%,
strongly prefers the larger M2 sites, whereas Mg®* (ionic
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radius of 0.72AP%) is distributed between the M1 and M2
sites. The degree of disordering was determined from the a
and b lattice parameters of olivine, which are affected
sufficiently by the distribution of Ca and Mg cations.
Adams and Bishop'” used the same technique as Lumpkin
et al. to study the cation distribution in olivine solutions
from 1200° to 1400 °C. They found the amount of Ca on
the M1 sites to be from 11 to 15 % and 2 to 5 % of the total
Ca on the forsterite-rich side and monticellite-rich side of
the miscibility gap, respectively. The calculated cation
distribution in olivine is compared with experimental data
in Figure 9. The more ordered structure is calculated in
monticellite at lower temperatures. This is consistent with
the experimental data.

The olivine solution is modeled by the two-sublattice
Compound Energy Formalism. The Gibbs energies of three
out of four end-members are  known:!'®¥
Mg™M*Mg)™'Si0, (forsterite), (Ca)**(Ca)™'Si0; (y-
Ca,Si0,) and (Ca)**(Mg)"''SiO, (monticellite). The Gibbs
energy of (Mg)*(Ca)'Si0, was optimized as shown in
Table II to reproduce the measured cation distribution. In
order to reproduce the measured phase equilibrium
diagrams, two miscibility gaps are necessary, on the
Mg,Si04-CaMgSiO, side and on the Ca,;Si0,-CaMgSiO,
side. The miscibility gap between monticellite and
forsterite was modeled using an asymmetric Lcamgmg
(=Lcamgca) parameter. The second miscibility gap between
v-Ca,Si0; and monticellite was modeled using the
parameter Lcacamg (SLmgcamg)- Without this  gap,
merwinite becomes thermodynamically unstable. The
model parameters are listed in Table II.

B. Metasilicate Section

Figure 10 shows the calculated phase diagram of the
CaSi0;-MgSiO; metasilicate section. The phase equilibria
between the pyroxene solutions are very complicated in the
CaMgSi, 04 (diopside) - Mg;Si,04 (enstatite) region.
Wollastonite dissolves up to about 10 mol % of MgSiOs,
while pseudo-wollastonite is a stoichiometric compound.

The phase equilibria in the diopside—enstatite section,
which are of particular importance in geochemistry, have
been studied extensively. Bowen® investigated the phase
equilibria in the forsterite-diopside-SiO, section using the
quenching technique followed by optical microscopic phase
determination. In the experiments, primary crystallization
of SiO,, pyroxene and forsterite was detected. Moreover,
the phase diagrams of the diopside-enstatite, diopside-SiO,
and diopside-forsterite pseudo-binary joins were measured.
Boyd and Schairer® studied the diopside-enstatite section
using the quenching technique followed by optical
microscopic and X-ray phase determination. The liquidus
was measured for forsterite and pyroxene solutions. The
phase equilibria between diopside and enstatite (proto- and
ortho-pyroxene) solid solutions were studied in the
temperature range between 800° and 1380 °C. The
compositions of the solid solutions were determined by X-
ray measurements of lattice parameters. Kushiro®®studied
the forsterite-diopside-silica system using electron probe



analysis of quenched samples. The phase equilibria
between enstatite and diopside were measured and a small
deviation of the diopside solid solution from the
metasilicate section towards lower silica was reported.
Schairer and Yoder®™ studied phase equilibria in the
forsterite-diopside-silica system below 1410 °C using the
quenching technique. Kushiro and Schairer'*” obtained the
diopside-enstatite phase diagram using the quenching
technique and reported a maximum on the diopside liquidus
at about 90 percent CaMgSi,Q. Yang*'! and Longhit*?
studied the metastable phase equilibria of ortho-pyroxene in
the metasilicate section.

The phase diagram of the diopside-enstatite section
was constructed by Longhi and Boudreau™ based on
measurements of the ortho-enstatite liquidus in the
forsterite-diopside-SiO, system wusing the quenching
technique followed by EPMA (EDS) and X-ray phase
analysis.  Jenner and Green™ determined the phase
equilibria in the Mg-rich part of the pyroxene quadrilateral
MgZSi206-CaMgSi206-CaFeSi206-FCQSi206.
reviewed the compositions of proto-pyroxene, ortho-
pyroxene and pigeonite (clino-pyroxene), coexisting with
liquid in the CaO-MgO-SiO, system using previously
published data and his new data obtained by X-ray
diffraction on quenched samples. Recently, a more
accurate phase diagram was proposed by Carlson™® based
on his own experiments as well as on previous studies.
Carlson measured the phase equilibria between pyroxene
solid solutions in the enstatite-diopside section over the
temperature range from 925° to 1425 °C. Each point on a
phase boundary was bracketed by two measured
compositions. V,0s and PbO solvents were used to
facilitate equilibration and to promote crystal growth to
sizes permitting unambiguous phase identification by X-ray
diffraction and accurate chemical analysis by the electron
microprobe, thereby resolving substantial discrepancies
among previous studies of pyroxene phase equilibria.

Figure 11 compares the calculated phase diagram of
the CaMgSi,0s-Mg,Si,04 section with experimental data.
Diopside and forsterite (olivine containing less than 1 mol
% of Ca;SiO4) appear as primary crystalline phases.
Pigeonite and diopside have the same clino-pyroxene
structure. Ortho-pyroxene reappears in the narrow
temperature range between 1373° and 1441 °C. The
calculated liquidus of forsterite is systemically lower than
the experimental data of Bowen® by about 30 °C. This
could be the result of a small deviation of the experimental
samples from the metasilicate stoichiometry combined with
the steep slope of the forsterite liquidus. (A section

calculated at XSiO2 = 0.49 is in good agreement with the

experimental liquidus). An enlargement of the small
pigeonite and ortho-pyroxene fields is shown in Figure 12.
Figure 13 shows the calculated enthalpy of the
CaMgSi,04,-Mg;S1,0¢ clino-pyroxene solution at 970 K.
Newton et al.™®”! measured the enthalpy of dissolution of
synthetic clino-pyroxenes in 2PbO-B,0; melts at 970 K.
The measured enthalpy showed positive deviations from
ideality. This is well reproduced by the calculated curve in
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Figure 13. This positive deviation implies the existence of
a miscibility gap in the clino-pyroxene solution.

Before modeling the pyroxene solutions, the Gibbs
energies of the MgSiO; enstatite phases had to be
determined because the phase transformations of enstatite
were not well treated in the previous optimization of the
MgO-Si0O, binary system.!'! The Gibbs energies of
different crystal modifications of enstatite, MgSiOs;, were
taken from the assessment of Huang et all®! and then
slightly modified to reproduce the metastable phase
transitions of enstatite. Perrotta and Stephenson'®® and
Smith!®! reported the metastable transformation from low
clino-enstatite to clino-enstatite at about 995 °C. The
transition temperature calculated in the present study is 978
°C. Newton et al.*”) estimated the enthalpy of transition
from clino-enstatite to ortho-enstatite to be about —4.6 +
0.45 kJ/mol at 970 K from extrapolation of the measured
enthalpy of dissolution of the clino-pyroxene solution to the
pure MgSiO; composition and from the dissolution
enthalpy of ortho-enstatite. If the enthalpy of dissolution of
ortho-enstatite obtained by Shearer and Kleppa®” is used
instead of the value of Newton et al., the corresponding
enthalpy of transition is —3.6 £ 0.6 kJ/mol. In the present
study, the enthalpy of transition from clino-enstatite to
ortho-enstatite is calculated to be -3.55 kJ/mol. The
slightly modified Gibbs energies of Huang et al.!) are now
stored in the F*A*C*T database.” It should be noted that
the Gibbs energies of ortho- and proto- enstatite used in the
present study are very close to Berman’s recommended
values.["

The pyroxene solutions were modeled based on the
calorimetric data (Figure 13) and the phase diagram (Figure
11). Clino-pyroxene was modeled first, taking advantage
of the available thermodynamic data. Pigeonite and
diopside have the same clino-pyroxene structure and are
modeled as one solution with a miscibility gap. A slightly
asymmetric interaction energy involving OLC,,’Mg:Mg and
1LC;,,Mg:Mg parameters was found necessary to reproduce the
measured miscibility gap between diopside and pigeonite.
Low clino-pyroxene and proto-pyroxene were modeled
using similar excess parameters and optimized Gibbs
energies of the CaMgSi,0¢ end-members as shown in Table
II. The excess parameters for all pyroxene phases can be
seen in Table II to have very similar numerical values
except in the case of ortho-pyroxene. An interaction energy
Lcamgme With negative temperature dependence was
necessary to reproduce the reappearance of ortho-pyroxene
at high temperatures.

The calculated phase diagram of the CaSiOs-
CaMgSi,04 section is compared with experimental data in
Figure 14. Allen et al.®} were the first to study the phase
relations in this section. They used heating curves and
microscopic phase examination.  They reported the
presence of up to 17 wt % of diopside in wollastonite,
about 3 to 4 wt % of diopside in pseudo-wollastonite and
less than 3 wt % of CaSiO; in diopside. Ferguson and
Merwin®!! investigated the CaO-MgO-SiO, system below
1600 °C using a quenching technique followed by
microscopic phase determination. The solid solution of



diopside in wollastonite was observed. Later, Schairer and
Bowen? used the same method for a thorough study of
phase equilibria between CaSiO; and diopside. They
concluded that a maximum of 22 wt % diopside dissolves
in wollastonite and there is almost no solubility of
wollastonite in diopside. Osborn**! measured the primary
crystallization region of the wollastonite solution in the
Ca0-MgO-Si0, system using quenching in combination
with optical microscopic phase determination.  The
calculated diagram is in good agreement with the
experimental data of Schairer and Bowen. No excess
Gibbs energy parameter was necessary to model
wollastonite. However the Gibbs energy of the fictive
MgSiO; end-member was optimized as shown in Table II.

Tarina et alP* used transposed-temperature drop
calorimetry to measure the enthalpy change for the heating
and melting of (pseudo-wollastonitet+diopside) mixtures.
(See Figure 15.) The results showed a very small negative
enthalpy of mixing. DeYoreo et al®® measured the heat
content of the mixture of wollastonite and diopside ( 83
mol % diopside) using a scanning calorimetric technique in
the temperature range from 1375 t01750 K. Navrotsky et
al®® and Ziegler and Navrotsky®” obtained the heat
content of diopside using drop calorimetry. The
incongruent melting behavior of diopside above 1634 K
was observed. Lange et al.*® measured the heat content of
diopside between 1403 and 1763 K using scanning
calorimetry. They found that incongruent melting begins
approximately at 1606 K. Stebbins et al’* and Richet and
Bottingal®” also reported the heat content of the liquid at
the diopside composition. Their data are in agreement with
the measurements of Lange et al.*®

The enthalpy of the liquid phase between the CaSiOs
and diopside compositions, and the enthalpy of melting of
diopside are calculated in Figures 15 and 16. The
calculated curves are in excellent agreement with
experimental data. In particular, in the case of the enthalpy
change during the melting of stoichiometric diopside, the
incongruent melting behavior pointed out by Ziegler and
Navrotsky"®” is well reproduced. This can be understood by
reference to Figure 16. Diopside begins to melt at 1636 K
and melting is complete at 1665 K. The calculated
enthalpy of fusion is 129.6 kJ/mol, which is slightly lower
than the experimental data.’’®) The measurements of
DeYoreo et al®™ are also well reproduced by the
calculations.

C. Other Phase Diagram Sections

The calculated phase diagram of the diopside-forsterite
section is compared with the experimental data in Figure
17. Bowen% measured the liquidus of forsterite in this
section using a quenching technique and optical
microscopic phase determination, and suggested that this
system is a quasi-binary system with a eutectic at 12 wt %
forsterite and 1387 °C. Later, the phase equilibria in the
diopside-forsterite section were studied by Kushiro and
Schairer™” using a quenching technique followed by X-ray
diffraction. The diopside and forsterite solutions were
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found to be in equilibrium with compositions off this join.
Therefore, the diopside-forsterite section is not a true quasi-
binary system. It was reported that forsterite can contain up
to about 8 mol % of monticellite in equilibrium with the
diopside solution at 1350 °C. The value calculated in the
present study from the optimized model parameters is 11
mol %. As can be seen from Figure 17, the calculated
liquidus and the phase boundary of diopside are in good
agreement with the experimental data. The eutectic point
mentioned by Bowen is actually a saddle point. (See also
Figure 4).

The calculated phase diagram of the diopside-SiO,
section is shown in Figure 18. This section was also first
studied by Bowen.’® Schairer and Kushiro™ found a
three-phase region (diopsidetSiO,+liquid) and reported
that X-ray patterns of diopside coexisting with liquid or
with liquid and tridymite were different from those of pure
diopside. They concluded that the diopside-SiO; section is
not a true quasi-binary system. Diopside was reported to
dissolve up to 7.5 mol % of enstatite based on X-ray
diffraction analysis. The calculated maximum solubility is
about 8.5 mol % Mg,;Si;Og. The calculated phase diagram
is in excellent agreement with the experimental data.

The phase diagrams of the diopside-akermanite and
CaSiOs;-akermanite sections are given in Figures 19 and 20.
Kushiro and Schairer!®! obtained the phase diagram of the
diopside-akermanite section using a quenching technique
followed by X-ray analysis. They reported up to about 5
mol % solubility of akermanite in diopside at 1355 °C
based on X-ray measurements of the diopside lattice
parameters. A very small solubility of akermanite in
diopside was also deduced by Valley and Essene!® from
the similar X-ray experiments on the quenched samples
from the earlier study!”?) which contained both diopside and
akermanite. A substantial solubility of akermanite in
diopside seems unlikely and was neglected in the present
study. More direct evidence such as EPMA measurements,
is needed to prove the extension of the diopside solid
solution towards akermanite. The minimum on the liquidus
in the Ca,MgSi,0,-CaMgSi,O4 section was measured at
1367 °C in the quenching experiments of Ferguson and
Merwin, P!

Schairer and Bowen'> studied the phase equilibria in
the CaSiO;-akermanite section using a quenching technique
and microscopic phase determination. They found no solid
solutions in this section contrary to the earlier study of
Ferguson and Merwin™" who reported that the wollastonite
solid solution extended towards akermanite.

Yoder!®®"} suggested that akermanite may form a solid
solution with other phases in the CaO-MgO-SiO, system at
about 10 kbar. The EPMA study of Yoder’s samples®® at
about 5-10 kbar by Sharp ez al."*"! revealed the possibility
of up to 2% substitution of Mg for Ca in Ca,MgSi,O;. On
the other hand, a constant (Ca+Mg)/Si ratio of 3/2 was
obtained, indicating no detectable solid solution towards
olivine. In the present study, akermanite is assumed to be a
stoichiometric compound at ambient pressure.

Proks et al.®] measured the heat content of akermanite
from 1469 to 1865 K using drop calorimetry. The enthalpy
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of fusion of akermanite at its melting temperature of 1725
K was found to be 123.9 = 3.2 kJ/mol. The calculated
enthalpy of fusion is 1187 kJ/mol at 1727 K.
Adamkovicova et al.[®*™ measured the enthalpy of melts in
the CaSiOs;-akermanite section over the temperature range
from 1760 to 1930 K wusing high-temperature drop
calorimetry and solution calorimetry. The enthalpy of
mixing was found to be almost zero at any composition.
The calculated enthalpy of mixing of the akermanite-
CaSiO; liquid shows a minimum of —1.4 kJ/mol at a mole
fraction of CaSiO; equal to 0.62 which is in agreement
with the calorimetric data within experimental error limits.

The calculated phase diagrams of the Ca,SiO4-
akermanite, merwinite-akermanite and  monticellite-
akermanite sections are presented in Figures 21 to 23.
Osborn!®! investigated the first two sections by quenching
experiments and microscopic phase determination. The
Ca,Si0, and merwinite phases were not distinguishable by
microscopic analysis. Osborn'®! reported problems with
quenching for most of the studied compositions. Instead of
the glass phase, a product of devitrification was commonly
observed in quenched samples. The calculated liquidus is
somewhat lower than the experimental data.*! This is most
likely due to the unquenchability of the liquid.

Osborn® tried to establish the primary phase region of
rankinite, Ca;Si;O;. The exaggerated rankinite primary
region in his tentative phase diagram is not supported by
solid experimental evidence. The rankinite primary phase
region calculated in the present study is very small as can
be seen from Figure 4. Similarly, the primary
crystallization field of Ca;SiOs was exaggerated in the
tentative phase diagram of Ricker and Osborn.?* Since
quenching of liquid is problematic in this area, a substantial
primary phase region of Ca;SiOs is not supported by direct
experimental evidence. Even in the binary CaO-SiO,
system, several experimental studies reported contradictory
results on the upper temperature of stability of Ca;SiOs. In
the latest optimization of the CaO-S10; system (see Figure
2), preference was given to the experimental data indicating
decomposition of Ca;SiOs below the liquidus. Therefore,
there is no primary field of this compound on the calculated
liquidus projection shown in Figure 4.

Spencer et al.’! measured several tie-lines between
liquid and forsterite or periclase at 1800 °C using an air
quenching technique followed by X-ray diffraction and
EPMA analysis. Sakai and Suito!"”) measured the liquidus
of forsterite, periclase and Ca,SiO; at 1600 °C using
equilibration in MgO or Pt crucibles followed by quenching
and EPMA or inductively couple plasma analysis. These
phase equilibrium data are also well reproduced by the
calculations based on the optimized model parameters. (See
the corresponding isotherms in Figure 4.)

Greig!! studied the (2 liquids+crystobalite) univariant
line by a quenching technique and microscopic analysis. He
found this line to be slightly convex, whereas a slightly
concave univariant line is calculated in the present study.
(See Figure 4.) It should be noted that the latter shape is
due to the contribution of the configurational entropy to the
Gibbs energy of liquid and this shape is found in many
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similar ternary systems. The liquid miscibility gap was also
studied by Kirschen and DeCapitani at temperatures up
to 1940 °C using the levitation technique. A few tie-lines
were obtained by EPMA analysis of quenched samples.

D. Sub-Solidus Equilibria

Harker and Tuttle!’™ and Yoder'* determined the low-
temperature stability limit of akermanite. The temperature
versus pressure univariant line was obtained for the
equilibrium reaction (wollastonite + monticellite =
akermanite) from 6 kbar to 0.8 kbar total pressure.
Extrapolation of these data to ambient pressure suggests
that akermanite dissociates into wollastonite and
monticellite below about 700 °C. The dissociation
temperature calculated in the present study is 701 °C.

Walter’® and Yoder™ obtained the pressure versus
temperature univariant line for the equilibrium (diopside +
monticellite = forsterite + akermanite) from 5 kbar to 1 bar.
They found that the equilibrium low temperature phase
assemblage (diopside + monticellite) gave way to the
(forsterite + akermanite) assemblage above about 870 °C at
ambient pressure. The calculated transition temperature is
838 °C.

E. Activities of Components in Molten Oxide
Rein and Chipman!””! obtained the activities of silica in
the Ca0-MgO-Si0, liquid at 1600 °C from the composition
of the slag and Fe-Si-C alloys equilibrated in carbon or
silicon carbide crucibles in atmospheres of CO. Morita et
al"® also reported the activities of SiO, in the slag at 1600
°C based on equilibration of the slag and Si alloys in
graphite crucibles. The measured compositions of the slag
and alloy in combination with known Henrian activity
coefficients of Ca and Mg in Si alloys allowed the authors
to calculate the activities of all slag components using the
Gibbs-Duhem relationship. The results of Morita et al."™
and Rein and Chipman'”) are compared with the activities
of Si0; calculated in the present study in Figure 24.
Henderson and Taylor” determined the activity of
silica in CaO-MgO-Si0, liquid slags saturated with both
graphite and SiC at 1500° and 1550 °C by measuring the
slag composition and the equilibrium pressure of CO.
Figure 25 shows these experimental data and the calculated
activities of SiO, in slags of constant MgO content. The
activities of Ca0 in the CaO-MgO-SiO, slag were reported
in two studies.® ™" The first set of data was obtained by a
complex emf technique at 1600 °C. In the second study, the
CaQ activities in the slag at 1500 °C were calculated from
the equilibrium constant of the reaction (CaO + 1/2S,= CaS
+ 1/20,.) The composition of the slag was measured,
including the CaS content. The activity coefficient of CaS
in the slag was assumed to be equal to 1.0, and the partial
pressures of O, and S, were calculated from the equilibrium
gas composition. The reliability of the reported®*®Y) CaO
activities is believed to be relatively low due to
experimental difficulties, the assumptions made in



calculating the activities, and the sensitivity of small
activity values to experimental errors.

Iv. CONCLUSIONS

A complete critical evaluation of all available phase
diagram, thermodynamic and structural data for the CaO-
MgO-Si0; system at a total pressure of 1 bar has been
made, and parameters of thermodynamic models have been
optimized to reproduce all experimental data within
experimental error limits. The evaluation /optimization of
the CaO-MgO-SiO, system reported in this study is part of
a wider research program aimed at complete characterization
of phase equilibria and thermodynamic properties of the
entire six-component system CaO-MgO-Al,0;-FeO-Fe,0;-
Si0,, which has numerous applications in the ceramic,
cement and glass industries, metallurgy, geochemistry, erc.
The model parameters obtained in this study are included in
the general F*A*C*TP database of optimized model
parameters for the CaO-MgO-Al,03-FeO-Fe,0;-Si0, system.
This database can be readily used with software for Gibbs
energy minimization in order to calculate any phase
equilibrium or phase diagram of interest.
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Table I. Names of all solid and liquid phases in the CaO-MgO-SiO, system at 1 bar pressure.

Phase Name

Formula

Other names

Olivine

(Ca®* Mg*")(Ca®* Mg*")Si0,

Forsterite (Fors): Mg,SiOj, rich olivine
Monticellite (Mont): CaMgSiOj, rich olivine
v-Ca,Si0;4 (v ): Ca,Si0; rich olivine

Clino-pyroxene (cpx)
(monoclinic, C2/c)

(Ca” Mg*")(Mg*")Si,0

Diopside (Diop): CaMgS1,0¢ rich clino-pyroxene
Pigeonite (Pig): MgSiO; rich clino-pyroxene

Ortho-pyroxene (opx)
(orthorhombic, Pbca)

(Ca** Mg*")(Mg*")Si,06

Ortho-enstatite (MgSiO; rich ortho-pyroxene)

Proto-pyroxene (ppx)
(orthorhombic, Pbcn)

(Ca™" Mg"")(Mg”")Si,04

Proto-enstatite (MgSiOs rich proto-pyroxene)

Low clino-pyroxene
(monoclinic, P21/c)

(Ca® Mg} (Mg*")Si,05

Low clino-enstatite (MgSiOs; rich low clino-pyroxene)

Lime (Ca0): CaO rich monoxide

: 2+ 2+
Monoxide (Ca” Mg™)0 Periclase (MgO): MgO rich monoxide
Wollastonite (Woll) (Ca** Mg*")Si0,
a'-CaySi0, (o) (Ca** Mg?"),Si0,
a-Ca,8i0, () (Ca” Mg”"),Si0,
Molten oxide (L) Ca0-MgO-5i0, Slag
Akermanite (Aker) Ca,MgS1,0
Merwinite (Merw) Ca;MgSi,Og
Pseudo-wollastonite (P-Woll)  CaSiO,
Silica Si0, Quartz, Tridymite (Trid), Cristobalite (Crist)
Hatrurite (Hatr) Ca;35i0;
Rankinite (Rank) Ca3Si,04




Table II. Optimized model parameters of solutions and compounds in the CaO-MgO-SiO, system (J/mol).

Olivine: (Ca?*, Mg"H™*(Ca**, Mg*H"'siO,

Grgm=G(MgzSi0,)">

Geac=G°(Ca,Si0,)P

Geamg=G"(CaMgSiO, from Reference [18]) — 3345
Grgea™Geamgt1 46440

OLCaMg:Ca= OLCaMg:Mg = 32235.53

lLCaMg;Ca = lL(‘,al‘\_/lg:Mg =4279.92

L cacarta = Litgcamg = 28032.8 - 12.55T

Pyroxene: (Ca**, Mg”" )™ Mg )M'8i,04
G°(MgSiOs, low clino-), G3(MgSiO;, proto-), G%(MgSiOs, ortho-) from F*A*C*T.P?)

G°(MgSi0s, clino-) = G°(MgSi0;, low clino-) +4694.5-3.70 T

" G°(CaMgSi,0s, clino-) = G°(clino-CaMgSi,04 from Reference [18]) + 837

G°(CaMgSi, O, low clino-) =G°(CaMgSi,0s, clino-) + 28368

G°(CaMgSi, O, ortho-) = G°(CaMgSi,0s, clino-) + 19740+ 0.02 T

G°(CaMgSi, O, proto-) = G°(CaMgSi, O, clino-) + 17071.2

Low clino-pyroxene: °Leamgmg = 25304.0 +2.358T

Ortho-pyroxene: L camamg = 27247.8 — 8.622T

Proto-pyroxene: L camgme = 25304.0 +2.3587

Clino-pyroxene: OLC;,.M,E:]\,,,Z = 25304.0 + 2.358T, lL(;a,\,m:,\,lg =-3018.6

Wollastonite: (Ca**,Mg”")SiO,

G°(MgSi0s) = G°(MgSi0;, ortho-pyroxene)t 48987.6 —17.145T

a-Ca,Si0,: (Ca**,Mg™");8i0,
G°(0-Mg;Si04) = G°(Mg,SiO,, olivine) + 83680.0
Goca = -35564

- a'-Ca,Si0y: (Ca®™ Mg*),Si0,
G%(a'-Mg,Si0,) = G°(Mg,SiO,, olivine) + 85772
G = -35564

Liquid Oxide: Ca0O-MgO-SiO;
o =4184

AMg0,5i0, (Ca0)
001 _
9c20,5i0,(Mg0) 8368
021 _
92050, (Mg0) -29288

The quasichemical parameters are defined in References [4,5]. The other binary model parameters for the
liquid oxide can be found in the previous studies.!” "
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Thermodynamic properties (Syos.15, Haos1s, Cp) of CaMgSiO,, clino-CaMgSi,Og, Ca,MgSi,0; and Ca;MgSi,05 were
taken from Berman!' with the enthalpies of formation at 298.15 K changed by —3345, 837, ~5850 and —18280 J/mol,

respectively.

The Gibbs energies of the other end-members of the solid and liquid solutions and of the other stoichiometric
compounds in the CaO-MgO-Si0, system are taken from the F*A*C*T database™® and previous studies.”'" The

binary model parameters for the monoxide and liquid oxide solutions are given in the previous studies.”'!)
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Table III. Comparison of the calculated and experimental ternary invariant points involving liquid oxide i the CaO-MgO-
Si0, system.

Liquid Composition (mole %
®Invariant point T(°C) CaO 1 I1)\/1 0 ( )Si02 Reference
Calc. | Exp. | Cale. | Exp. [ Calc. | Exp. | Calc. | Exp.

L—>Ca0+MgO+a 1923 63.0 8.4 28.6
L+ MgO+oa—>Merw 1576 | 1575 | 41.5 | 41.1 | 246 | 243 | 339 | 34.6 21

L+MgO+Merw—Mont 1507 34.1 31.6 343
L+MgO+Fors—Mont 1516 | 1502 | 29.8 | 298 | 359 | 342 | 343 | 36.0 22
L+Merw+Mont— Aker 1438 | 1436 | 35.5 | 374 | 266 | 244 | 37.9 | 382 28
L+Mont+Fors—>Aker 1429 | 1430 | 31.4 | 31.5 | 29.7 | 293 | 389 | 39.2 28

L+Merw+Aker—P-woll | 1392 49.7 8.8 41.5

L—a+Merw+P-woll 1391 51.2 7.6 41.2

| L+Rank—a+P-woll 1461 56.5 1.5 42.0
L—>Aker+Diop+Fors 1366 | 1357 | 27.0 | 26.9 | 282 | 28.5 | 448 | 446 28
L—Aker+Diop+Woll 1361 | 1350 | 33.7 | 35.1 | 180 | 17.5 | 483 | 474 53
L+Aker+P-woll>Woll 1366 | 1360 | 344 | 364 | 173 | 162 | 483 | 474 53
L+Tridy+P-woll>Woll 1336 | 1336 | 31.0 | 32.0 | 12.0 9.5 57.0 | 58.5 53
L—>Woll+Tridy+Diop 1331 | 1320 | 303 | 30.8 | 12.6 | 11.2 | 57.1 | 58.0 53
L+Fors+ppx—opx 1438 | 1445 | 10.1 11.7 | 38.6 | 35.8 | 513 | 525 43
L+Fors+topx-—Pige 1410 | 1410 | 124 | 148 | 363 | 32.7 | 51.3 | 52.5 43
L+Fors—Diop+Pige 1382 | 1385 | 15.1 | 17.0 | 339 | 31.0 | 51.0 | 520 43
L+ppx+Tridy—opx 1409 | 1419 | 117 | 127 | 334 | 31.0 | 549 | 563 43
L+opx+Tridy—Pige 1395 | 1387 | 12.8 | 150 | 324 | 284 | 548 | 56.6 43
L—Piget+Diop+Tridy 1369 | 1373 | 15.1 | 164 | 30.1 | 27.5 | 54.8 | 56.1 43

* The ambiguous invariant points involving hatrurite (Ca;Si0s) and rankinite (Ca;Si,O;) estimated by Ricker and
Osborn®" and Osborn®! are not included in the table (see text for details).
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Chipman,””" (b) Morita et al,"® (c) calculated in the
present study.
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Thermodynamic Modeling of the Fe-Mg-O System

IN-HO JUNG, SERGEI A. DECTEROV, and ARTHUR D. PELTON

A complete critical evaluation and thermodynamic modeling of the phase diagrams and
thermodynamic properties at 1 bar total pressure of oxide phases in the Fe-Mg-O system are
presented. Optimized equations for the thermodynamic properties of all phases are obtained
which reproduce all available thermodynamic and phase equilibrium data within experimental
error limits from 25 °C to above the liquidus temperatures at all compositions and oxygen partial
pressures. The database of the model parameters can be used along with software for Gibbs energy
minimization in order to calculate any type of phase diagram section.

I INTRODUCTION

THE Fe-Mg-O system is important in industrial and
natural processes. Magnesium ferrite spinel has interesting
magnetic properties. The magnesiowustite phase is very
important to an understanding of the Earth’s mantle. This
system is also important in the corrosion of magnesite
refractories by iron oxide in steelmaking processes.
Experimental study of this system is difficult because the
phase equilibria strongly depend on oxygen partial pressure.
Therefore, critical assessment of experimental data and
thermodynamic optimization is necessary to model this
system more accurately. Fabrichnayal'! reported an
optimization of the Fe-Mg-O system which was mainly
concerned with the phase equilibria at high pressure.
Complete optimization of this system has not yet been
performed satisfactorily.

The optimization of the Fe-O binary sub-system was
reported earlier.’”! The main goal of the present study is to
perform a critical assessment and optimization of
thermodynamic properties of oxide phases in the Fe-Mg-O
(FeO-Fe,0;-MgO) system at 1 bar pressure. In the
thermodynamic "optimization" of a chemical system, all
available thermodynamic and phase equilibrium data are
evaluated simultaneously in order to obtain one set of model
equations for the Gibbs energies of all phases as functions of
temperature and composition. From these equations, all of the
thermodynamic properties and the phase diagrams can be
back-calculated. In this way, all the data are rendered
self-consistent and consistent with thermodynamic principles.
Thermodynamic property data, such as activity data, can aid
in the evaluation of the phase diagram, and phase diagram
measurements can be used to deduce thermodynamic
properties. Discrepancies in the available data can often be
resolved, and interpolations and extrapolations can be made in
a thermodynamically correct manner.

The evaluation/optimization of the FeO-Fe,0;-MgO
system reported in this study is part of a wider research
project aimed at complete optimization of the ALO;-CaO-
FeO-Fe,05-Mg0-Si0, system which is of primary
importance in the metallurgical, ceramics, glass and cement
industries, geochemistry, etc. The present optimization
covers the range of oxygen partial pressures from equilibrium
with pure oxygen to metal saturation and temperatures from
25 °C to above the liquidus. A wide variety of different data
types was used in the optimization. It will be shown how
these data are reproduced by the model equations.

II. THERMODYNAMIC MODELS

Figure 1 shows the calculated phase diagram of the Fe-
Mg-O system at 1200 °C and 1 bar pressure. The following
solution phases are found in this system.

Slag (molten oxide phase): MgO-FeO-FeO, s,
Magnesiowustite (MW): MgO-FeO-FeO, s,
Spinel (encompassing magnetite Fe;04 and magnesioferrite
MgFe,04): (Fe2*, Fe™, Mg?")! [Fe*", Fe**, Mg™*, Va]®,0,
Alloy phases: Liquid, bee and fec.

In the spinel phase, the Fe’*, Fe*’, and Mg”" cations are
present on both tetrahedral and octahedral sites which are
denoted above by round and square brackets, respectively.
The oxygen nonstoichiometry is modeled by introducing
vacancies on the octahedral sites as is suggested by the
experimental evidence as discussed previously.m

For the spinel solution, a two sublattice spinel model®™
has been developed within the framework of the Compound
Energy Formalism (CEF).”! The Gibbs energy expression
in the CEF per formula unit is

G=Y>YYG,~TS. +G* [1]
iJ

where ¥, and Yj
Jj on the first and second sublattices, Gj is the Gibbs energy
of an “end-member” jj of the solution, in which the first

sublattice is occupied only by cations i and the second

represent the site fractions of cations i and



sublattice is occupied only by cations j. G* is the excess
Gibbs energy and S, is the configurational entropy
assuming random mixing on each sublattice:

SC=—R(n,ZY,.'1nx'+n2}:Y;1nY;j 2]
i j

where 1, and n, are the numbers of sites on the first and
second sublattice per formula unit of a solution. For the
spinel phase in the present study, G* is set equal to zero
and certain linear combinations of Gibbs energies of end-
members, which have physical sense, are used as model
parameters. The magnetism of the spinel solution is also
taken into account. The empirical relationship suggested by
Hillert and Jarl™ is used for the magnetic contribution to
thermodynamic properties.

Of the 12 parameters Gy, six were fixed during the
earlier optimization™ of magnetite (Fe*', Fe*)" [Fe”*, Fe**,
Va]0204 , and two more (Gum and Gyy) were fixed in the
optimizationof the Al-Mg-O spinel solution. (M, V, H
and F stand for Mg®*, Va, Fe’" and Fe’" respectively.)
Optimized values of the four remaining parameters (Gry,
Gum, Gmr and Gyy ) were obtained in the present study as
described in the following sections. These are listed in
Table I The physical significance of the linear
combinations Jfym, Amumv and Apvpn is  discussed in
Reference [2]. These linear combinations are related to the
energies of classical site exchange reactions.

The Modified Quasichemical Model®?],  which
accounts for short-range-ordering of second-nearest-
neighbor cations in ionic melts, was used for the molten
slag solution. Optimized parameters for the binary FeO-
FeO,s slag solution were obtained previously.m The
second-nearest-neighbor "coordination numbers" of Fe*',
Fe** and Mg®" used in the present study are the same as in
previous studies.™’™ Optimized binary parameters for the
FeO-MgO and FeO, s-MgO slag solutions were obtained in
the present study as described in the following sections.
These are listed in Table 1. The properties of the ternary
FeO-FeO, s-MgO slag solution were calculated from the
binary parameters with the symmetric "Kohler-like"
approximation.“ 'No ternary parameters were required.

The FeO-FeO,s-MgQO magnesiowustite phase was
modeled as a simple random mixture of Fe**, Fe’* and Mg®*
ions on cation sites with simple polynomial excess Gibbs
energy terms.'! It is assumed that cation vacancies remain
associated with Fe** ions and so do not contribute to the
configurational entropy. Binary excess Gibbs energies were
modeled by simple polynomial expansions in the mole
fractions.!""! Optimized parameters for wustite (FeO-FeO; s)
were obtained previously.m Optimized binary parameters
for the FeO-MgO and FeQ, 5-MgO solutions were obtained
in the present study as described in the following sections.
These are listed in Table 1. The properties of the ternary
monoxide FeOQ-FeO; s-MgO solution were calculated from
the binary parameters with the asymmetric "Toop-like"
approximation[”] with FeO,s as the "asymmetric
component.” No ternary parameters were required.
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The thermodynamic properties of solid solutions based
on bee and fee iron from the SGTE (Scientific Group
Thermodata Europe)!'”! database were used for calculations
of phase equilibria in the Fe-Mg-O system at metal
saturation. For liquid iron, the F*A*C*T database!™! was
used. This database implements a recently developed
model™ to accurately describe the solubility of oxygen and
many other elements in molten iron. For liquid ion
containing dissolved Mg and O, this model assumes the
presence of dissolved Mg*Q associates.

Hematite, Fe,0;, is treated as a stoichiometric
compound since its nonstoichiometry is believed to be
negligibly small.

1I1. CRITICAL EVALUATION OF
EXPERIMENTAL DATA AND OPTIMIZATION

A great many experimental measurements have been
performed for the FeO-Fe,0;-MgO system. Most of the
phase diagram data in this system are presented in two
ways: one type of diagram plots the oxygen partial pressure
versus composition (such as metallic ratio, Mg/Fe+Mg) and
the other type is a ternary diagram of the FeO-Fe,0;-MgO
system with superimposed oxygen partial pressure isobars.
As pointed out by Pelton,'>'® these two types of phase
diagram can be converted into each other. Therefore, most
of the experimental measurements in this system can be
presented by either type of phase diagram and can be
compared with each other.

The experimental data below the liquidus temperature
are mainly classified into three groups: non-stoichiometry
in the magnesiowustite phase, thermodynamic and
structural data for the spinel phase, and the phase equilibria
iron-magnesiowustite, magnesiowustite-spinel and spinel-
Fe,Os. Therefore, in the optimization, the magnesiowustite
phase and the spinel phase were first optimized separately
in order to describe the experimental data in their single-
phase fields; then the overall optimization including the
slag was carried out with further slight adjustment of the
model parameters of the solid phases in order to reproduce
all the data within experimental error limits. The results of
the optimization of the single-phase spinel and
magnesiowustite phases are presented first, followed by the
discussion of phase equilibria in the entire Fe-Mg-O
system.

A. Structural Data

MgFe,0, is an inverse spinel at low temperatures
as can be seen from Figure 2. In the optimization, after
careful examination of both sample preparation and
experimental conditions of all experiments, more weight
was given to the results of O'Neill et al, 241 who took
special precautions to obtain stoichiometric samples. The
cation distribution does not reach equilibrium below about
500 °C on the laboratory time scale. On the other hand, it is
not quenchable from temperatures higher than about 1100
°C. The data of O'Neill et al,*" were fitted with the
parameter lyy which strongly affects the cation
distributions.

[17-24)



Figure 3 shows the calculated cation distribution in the
MgFe,04-Fe;0y spinel at 1000 °C. Trestman-Matts et al
and Nell e al*l measured the cation distribution using a
thermopower technique. The calculated cation distributions
are in agreement with the experimental data within
experimental error limits. It should be noted that the
amounts of Mg on the sublattices reported by Nell et al?8
would extrapolate to values for pure MgFe,0, which tend
to deviate from the selected data of O’Neill et al.?* On the
other hand, the amounts of Fe’* reported by Trestman-
Matts et al!*! show clear maxima and minima in the
Fe;04-MgFe, 0, solution, which are unlikely to be real.

B. Thermodynamic and Magnetic Properties of MgFe,0,

The heat capacity and entropy at 25 °C of the MgFe,0,
spinel were derived from the low-temperature heat capacity
measurements  of King®”? and the heat content
measurements from 25 °C to 1577 °C of Bonnickson.!”®
The effect of the probable change in cation distribution
during the latter experiments was taken into account. Since
it would take a much longer time than normally used in
drop calorimetry experiments to re-equilibrate the cation
distribution of a sample at low temperature before a drop,
the cation distribution was assumed frozen for drops from
temperatures below 450 °C. From this temperature up to
about 1100 °C, the cation distribution was assumed to reach
an equilibrium value before the drop which quenches
during the drop. Above 1100 °C, the cation distribution is
not quenchable. Therefore, after reaching an equilibrium
value before a drop, the cation distribution was assumed to
quench during the drop at an equilibrium value
corresponding to 1100 °C. The heat capacity measured by
Reznitskii er al.”®! at ambient temperature is substantially
higher than the one reported by King.””' Therefore, a
systematic error was assumed to be present in the former
measurements and they were corrected by subtracting 12.8
J/mol-K. It should be noted that the corrected values at high
temperatures are still higher than the values derived from
the heat content measurements of Bonnickson.”® The
optimized heat capacity and heat content of MgFe,O,4 are
shown in Figures 4 and 5 along with the experimental data.
The magnetic phase transition from the ferrimagnetic to the
paramagnetic state can be seen on the heat capacity curve at
689.5 K.

The standard enthalpy of formation of the (Mg)[Fe],O,
end-member of the spinel solution was optimized to
reproduce the phase equilibrium data and the calorimetric
measurements of the enthalpy of formation of MgFe,O,
from MgO and Fe,O; near 970 K.B%32 1 the present study,
the most recent measurements (Navrotsky?®") of the
enthalpy of dissolution of MgFe,O,4 in 2PbO'B,0; melts
were used along with the enthalpies of dissolution of Fe,O;
and MgO reported by Shearer and Kleppa®” which appear
to be of good accuracy. Koehler et al.**! determined the
enthalpy of formation of MgFe,O, using HF acid
calorimetry. However, their value, adjusted to 970 K using
the heat content data of Bonnickson,'*® is about 9 kJ/mol
higher than the heat of formation reported by
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Navrotsky.?"!  For  magnesioferrite,  dissolution
calorimetry in lead borate melts is believed to be more
reliable than in HF. Therefore, the measurements of
Koehler et al.’¥ were not used in the present optimization.

Tretyakov and Schmalzried® reported measurements
of the Gibbs energy of MgFe,0, using an emf technique.
However, their measurements were not taken into account
in this stidy because they used an electrode consisting of
(MgFe;0O, + MgO + Fe) which cannot coexist at
equilibrinm.

The optimized entropy of MgFe,0,4 at 25 °C is 115.6
J/mol/K which is close to the value 118.4%1 J/mol/K
reported by King.””! The optimized enthalpy of formation
of MgFe,04 from MgO and Fe,0; at 25 °C is -13.7 kJ/mol,
which is believed to be within the error limits of the recent -
measurement by Navrotsky,®**" -9.76 kJ/mol. The
experimental information mentioned above was used to
obtain the parameter Gyy of the spinel model given in
Table 1.

Paladino'™ reported considerable dissolution of Fe,O;
in MgFe,O, spinel at 1300 °C from the results of thermo-
gravimetric measurements. Later, by careful %uenching
experiments and X-ray phase identification,”® it was
shown that his reported solubility was actually a metastable
phase boundary. The solubility of MgO in the spinel phase
has been measured in several studies.’**) Since the
solubility of MgO is small, it was neglected in the present
study.

Many investigations reported the Curie
temperature of MgFe,O, at about 690 K. The magnetic
moment (Bvy) was determined from the heat capacity data
as shown in Figure 4. The magnetic parameters are listed in
Table I.

{351

{20,21,24,29,40,41]

C. Magnesiowustite in Equilibrium with Iron

The experimental results for the phase boundary
between magnesiowustite and alloy (virtually pure Fe) are
shown in Figures 6 and 7. Several investigators'***’
measured the Fe** content in magnesiowustite in saturation
with metallic Fe using equilibration followed by quenching
and chemical analysis. These data reveal almost no
temperature dependence as can be seen from Figure 6.
Figure 7 shows the variation of oxygen partial pressure
along the magnesiowustite/iron phase boundary. Many
experimentst***** have been performed in the temperature
range between 800 °C and 1300 °C. Oxygen partial
pressures were controlled by gas mixtures (such as H,O/H,,
CO,/CO or COy/H,;) or were measured by an emf
technique. Srecec et al*? had difficulties in obtaining
stable results by the emf technique with calcia-stabilized
zirconia electrolytes. The gas equilibration and emf data are
in poor agreement especially at low MgO contents. The
emf measurements by Srecec et al.*?! were not taken into
account in the optimization. All other experimental data are
well reproduced.

In the Fe-O system, wustite dissociates into
(Fet+Fe;0,) below about 564 °C. This dissociation also
takes place in the Fe-Mg-O system. Figure 8 shows the
temperature of dissociation of magnesiowustite into Fe and



spinel. Several authors®***) measured this temperature

but the results are widely scattered. The calculated line
agrees with the experimental data within the experimental
scatter.

D. Non-stoichiometry of Magnesiowustite

The non-stoichiometry of the magnesiowustite phase is
shown in Figure 9. Valet et alP% equilibrated
magnesiowustite of known Mg/(Mg+Fe) ratio with gas
mixtures of known oxygen partial pressure. The samples
were then quenched and the amount of Fe*" in the
magnesiowustite phase was measured using chemical
analysis (titration technique). Similar experiments were
performed by other investigators."**”" %) Hilbrandt and
Martin'" calculated the amount of Fe*' in magnesiowustite
based on structural information retrieved from in situ
EXAFS studies. The experimental data for the non-
stoichiometry of magnesiowustite are rather scattered.
Specifically, the Fe® contents reported in some
experiments by Valet et al.’® (e. g. at Mg/(Mg+Fe) = 0.89
from 1300 °C to 1500 °C) are even lower than the Fe’*
content at saturation with iron (see Figure 6). This might be
due to a systematic analytical error. The data by Hilbrandt
and Manin,[6'] based on EXAFS measurements, were not
used in the optimization since they reported much lower
Fe™ contents than were reported in the other studies which
used quenching and chemical analysis. The curves
calculated from the optimized parameters reproduce the
experimental data within the experimental error limits, as
can be seen from Figure 9.

The FeO-FeO, s-MgO magnesiowustite phase was first
modeled with a symmetric “Kohler-like”'! and with
asymmetric “Muggianu-like” extension of the binary terms
into the ternary system. Using these interpolation
techniques, ten parameters including ternary parameters,
were needed to reproduce the experimental data in the FeO-
FeO,5-MgO magnesiowustite phase. By changing the
interpolation technique to the asymmetric “Toop-like™'"!
technique (with FeO,s as the “asymmetric component”),
the experimental data were reproduced better, and
furthermore, only seven binary, and no ternary, terms were
required. Three of the binary parameters were reported
previously in the optimization of the FeO-FeO, s wustite
phase,”land the other four are shown in Table 1. In the
previous optimization by Fabrichnaya!’, although ten
model parameters were used for the magnesiowustite phase
with a “Muggianu-like” interpolation technique. The results
were less satisfactory than in the present study.

E. Phase Diagrams

Different types of phase diagrams for the Fe-Mg-O
system, calculated from the optimized model parameters,
are shown in Figures 10, 11, and 13 to 16. As discussed
above, all these phase diagrams are interrelated.

1. Isothermal sections with oxygen isobars

Calculated isothermal sections of the FeO-Fe,0;-MgO
phase diagram are shown in Figure 10 over the temperature
range from 1160 °C to 1400 °C. Katsura and Kimura!
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reported measurements at 1160 °C using a thermo-
gravimetric technique. A sample consisting initially of
MgO and Fe,0; was reduced by a gas mixture of known
oxygen partial pressure. During the reduction, the weight
change of the sample was recorded, and was used to
calculate the FeO-Fe,0;-MgO composition. Some of the
samples were quenched and the equilibrium phases were
identified by X-ray diffraction. Similar
measurements!>>26413158596283) ore performed at various
temperatures, but the equilibrium phases were rarely
examined. The experimental data of Katsura and Kimura
are in excellent agreement with the present calculations.
The oxygen isobars in the magnesiowustite single-phase
region correspond to the data points shown in Figure 9. The

oxygen isobars in the two-phase region
(magnesiowustite+spinel) are also well reproduced.
However, the slopes of two isobars in the

(magnesiowustite+spinel) two- phase region measured by
Speidel™ at 1300 °C are quite different from the slope
obtained by Katsura and Kimura at 1160 °C. Such a large
difference over such a small temperature interval is
unlikely to be real. As can be seen from Figure 10,
however, a small error in oxygen partial pressure (even less
than 0.5 on a log scale) can significantly change the
composition of the equilibrium phases at oxygen partial
pressure as low as

10 or 107 bar.

Therefore, the slope of the tie-lines reported by
Speidel™! is probably erroneous, and can be explained by a
lack of equilibration with the gas phase at low oxygen
potential, particularly in the two-phase region.

2. Phase diagrams in air

White and colleagues and  Reijnen
investigated the phase diagram in air from 800 °C to 1750
°C. The calculated isobars in air are in good agreement with
the experimental data as can be seen in Figure 11. In
particular, it should be noted that the phase compositions
for the invariant equilibria among magnesiowustite, spinel,
slag and air are well reproduced at 1711 °C.

Figure 12 shows the dissociation (reduction) curves for
MgO-Fe,0; mixtures in air with increasing temperature. As
can be seen in Figure 10, when the MgO content is higher
than 50 mol %, initial MgO-Fe,O; mixtures are reduced to
(spinel+magnesiowustite) with increasing temperature. On
the other hand, mixtures containing less than 50 mol %
MgO are reduced to (spinel+Fe,0;). The experimental data
at exactly 50 mol % MgO are not well reproduced. This can
be explained either by a small excess of MgO in the spinel,
which is neglected in the spinel model, or by a small excess
of Fe,05 in the experimental mixture (see the calculated
curve at 48 mol % MgO). The model parameters optimized
in the present study can accurately simulate the reduction
process as can be seen in Figure 12,

The phase diagram of the MgQ-Fe,05-0, system in air
is shown in Figure 13. This diagram corresponds to Figure
11. For example, the invariant line
(magnesiowustite+spinel+slag) corresponds to the three-
phase triangle in Figure 11. Roberts and Merwin'® and

[39,64,651 [36]



Phillips ef al.1”) determined the phase diagram in air using
quenching experiments followed by phase identification
using optical or X-ray techniques. These data and the points
from References [39,65] are compared with the calculated
lines in Figure 13. The calculated phase diagram is in good
agreement with the experimental data. However, the
experimental point by Schurmann and Kolml® s
inconsistent with the other data. This will be discussed in
more detail below in relation to Figure 17.

3. Phase diagram at iron saturation

Figure 14 shows the phase diagram of the “MgO-FeQ”
system in saturation with the alloy phase, which is almost
pure iron. This diagram gives the phase equilibria under the
most reducing conditions. Schenck and Pfaff'*” measured
solidus temperatures by detecting when the liquid phase
appeared from initial solid oxide mixtures as the
temperature was increased to 2400 °C. Several authors'®”7*
measured the liquidus using a quenching technique but the
results are considerably scattered, possibly due to the
difficulty in quenching very fluid slags. It is very difficult
to distinguish which experimental results are more reliable
just from an evaluation of the experimental techniques. The
liquidus data of Scheel ef al.*! and Shim and Ban-Yal™
are difficult to extrapolate to the melting temperature of
pure MgO. Experimental data”"”>7) on the quaternary
phase diagrams MgO-FeO-Fe;05-Si0, and CaO-MgO-
FeO-Fe,O; seem to be in better agreement with the data by
Fetters and Chipman,'”! Taylor and Chipman'® and Fisher
and Ende.” Therefore, these data were used in the
optimization. In experimental measurements and, hence, in
the calculated lines of Figure 14, all iron is assumed to be
divalent. In reality, there is a small amount of Fe’* in both
the liquid and solid phases. This amount increases from the
MgO side to the FeO side of the diagram, reaching a
maximum of 3 mol % and 5 mol % in the slag and
magnesiowustite respectively.

4. Oxygen potential versus metal ratio diagrams

Another type of phase diagram, showing oxygen
partial pressure versus metal ratio, is presented in Figure
15. Equilibrium oxygen pressures were measured from 800
°C to 1600 °C in various two-phase regions by many
authors.[35-37,4]‘42,44,46—52,58,59,61»68,78~80] The oxygen partlal
pressures along phase boundaries were usually determined
by gas equilibration or emf techniques, except in the study
by Kang et al."™ who determined phase boundaries from
measurements of electrical conductivity and thermoelectric
power as a function of oxygen partial pressure. Some of the
experimental data points already shown in Figures 7, 10
and 11 are also plotted in Figure 15. All experimental data
are reproduced within experimental error limits.

5. Isothermal sections
experiments

Figure 16 shows several isothermal sections of the
FeO-Fe,0;-MgO phase diagram. Phillips and Muan®"
determined the equilibrium phases in the temperature range
from 1400 °C to 1800 °C by equilibration in a sealed tube

obtained by quenching
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followed by quenching. The composition of a sample was
determined from the initial MgO, FeO and Fe,0O; contents.
Equilibrium phases in the quenched sample were
determined using optical microscopy and X-ray diffraction.
Because the reaction tube was sealed, the oxygen partial
pressure was not known and is defined by the overall
composition and temperature. Equilibrium phase
assemblages obtained experimentally are in good
agreement with the calculated phase boundaries at all
temperatures.

Schurmann and Kolm"™ equilibrated molten MgO-
FeO-Fe,0; slags and gas mixtures of known oxygen
potential in MgO crucibles at 1600 °C for about 2 hr.
Subsequently, samples of the slag were taken by a suction
technique using an SiO; tube and were analyzed by
chemical analysis. The liquid compositions and oxygen
partial pressures are plotted in Figure 17. Although
experimental points mostly fall on the calculated oxygen
partial pressure isobars, the measured compositions of the
liquid are richer in MgO than the calculated. This could be
the result of incomplete equilibration in the MgO crucibles:
the layer of magnesiowustite or spinel that formed on the
surface of the crucible may not have reached the
equilibrium concentration of iron, which is relatively high,
but remained too rich in MgQO. Therefore, activities of MgO
under experimental conditions would have been higher than
the equilibrium values, resulting in an apparent solubility of
MgO in the slag which was too high. It should be noted that
the liquidus composition in air was reported to fall within
the calculated spinel field, in disagreement with the other
experimental data as can be seen from Figures 11 and 13.

To reproduce all the phase diagram data discussed
above, one small model parameter for the liquid slag was
optimized for each binary system, MgO-FeO and MgO-
FeO, 5 as shown in Table I.

[68]

IV. CONCLUSIONS

Complete critical evaluation/optimization of
experimental data at 1 bar total pressure for the FeOQ-Fe,O;-
MgO system is performed in this study. The optimized model
parameters can reproduce all reliable thermodynamic and
structural data as well as the phase diagrams of the FeO-
Fe;,0;-MgO system within experimental error limits. No
ternary model parameters were required. For the spinel phase,
no model parameters for interaction energies between cations
on the same sublattice were needed. Using a proper
thermodynamic model for each phase minimizes the number
of model parameters required in the optimization and
improves the extrapolation of binary and ternary parameters
into multicomponent systems. The optimized parameters can
be readily used with general thermodynamic software and
databases, such as FactSage, " to calculate phase equilibria
under any given set of conditions and to model various
industrial and natural processes.
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Table 1. Optimized model parameters of solutions in the FeO-Fe,0;-MgO system (J/mol).

O)Spinel: (Fe?!, Fe’*, Mg) [Fe?', Fe¥*, Mg, Va0,
Guu =7 (-207977 + 566.737 T+ 0.0106868 T* -4112.06 T*° - 8.04145E-7 T'*
+3790.43 In(7) -72.6736 T In(7))
IMH= GHH+ GHM*‘ 2GMH =-112130 +56.580 T
Avrvin= Gum + Gry— Gy — G = -41840
Apmern= Grr+ Gy — G —~ Gur = 0

Magnetic properties:

B i B ;vm =2.186 (magnetic moment) "

Tan= T = 689-5 K (Curie temperature)
P =0.28 (P factor)

(“)Magnesiowustite: MgO-FeO-FeO, 5
00
Greo, Mgo = 8368

Greo,, mgo = -27196 - 20.92T

0 _
quO,‘s ,Mgo 4184

“Liquid Oxide: MgO-FeO-FeO, 5
Agreo, mgo = 6276

Ag&go,peo,‘s =-20920

© Notations M, F and H are used for Mg, Fe** and Fe**, respectively.

174

¢ By and By, are the magnetic moments of the hypothetical completely normal and completely inverse spinel MgFe,0,,

respectively. T, and Ty, are the Curie temperatures of the hypothetical completely normal and completely inverse spinel

MgFe, 0,4, respectively (see Reference [2]).
) The polynomial “q” parameters are defined in Reference [11].
™ The quasichemical parameters are defined in References [8] to [9].

The other model parameters for spinel, magnesiowustite and slag can be found in the previous study.”!

Gibbs energies of the pure components of the magnesiowustite and liquid oxide solutions, and the Gibbs energies of Fe,O,

(hematite) and O, gas are taken from the F*A*C*T database.[”)
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Fig. 15 - Calculated phase diagrams of the Fe-Mg-O system at various temperatures: (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d)

1300 °C and (e) 1500 °C (MW=magnesiowustite).
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Thermodynamic Modeling of the FeO-Fe,0,;-MgO-SiO,

System

IN-HO JUNG, SERGEI A. DECTEROV, and ARTHUR D. PELTON

A complete critical evaluation and thermodynamic modeling of the phase diagrams and
thermodynamic properties of oxide phases in the FeO-Fe,0;-MgO-SiO, system at 1 bar total
pressure are presented. Optimized equations for the thermodynamic properties of all phases are
obtained which reproduce all available thermodynamic and phase equilibrium data within
experimental error limits from 25 °C to above the liquidus temperatures at all compositions and
oxygen partial pressures. The database of the model parameters can be used along with software
for Gibbs energy minimization in order to calculate any type of phase diagram section.

I INTRODUCTION

THE FeO-Fe,0;-MgO-Si0O, system is important for
many industries and processes. This system is a key system
in the corrosion of magnesite refractories by iron oxide in
steelmaking processes and is also a fundamental system in
pyrometallurigcal processes. Magnesium ferrite spinel has
interesting magnetic properties, and solid solution phases
such as magnesiowustite, olivine and pyroxenes are of
primary importance in understanding the Earth’s mantle.
Experimental study of this system is complicated by the
strong dependence of phase equilibria on oxygen partial
pressure. Therefore, critical assessment of experimental
data and thermodynamic optimization is required in order
to understand and model this system more accurately.
Fabrichnaya!'! roughly modeled the solidus and liquidus
data in this system. Wu et al.”) optimized the FeO-MgO-
Si0; system at metallic iron saturation. However, complete
optimization of this quaternary system has not yet been
performed.

Optimizations of the binary and ternary subsystems Fe-
0O, MgO-Si0,, FeO-Fe,0;-MgO and FeO-Fe,03-Si0, were
reported earlier.” The calculated phase diagrams of the
MgO-8i0; and FeO-Fe,0,-Si0O,; systems at iron saturation
and in air are given in Figures 1 to 3.

The main goal of the present study is to perform a
critical assessment and optimization of thermodynamic
properties at 1 bar total pressure of oxide phases in the FeO-
Fe,0;-MgO-Si0,  (Fe-Mg-Si-O)  system. In  the
thermodynamic "optimization" of a chemical system, all
available thermodynamic and phase equilibrium data are
evaluated simultaneously in order to obtain one set of model
equations for the Gibbs encrgies of all phases as functions of
temperature and composition. From these equations, all of the

thermodynamic properties and the phase diagrams can be
back-calculated. In this way, all the data are rendered
self-consistent and consistent with thermodynamic principles.
Thermodynamic property data, such as activity data, can aid
in the evaluation of the phase diagram, and phase diagram
measurements can be used to deduce thermodynamic
properties. Discrepancies in the available data can often be
resolved, and interpolations and extrapolations can be made in
a thermodynamically correct manner.

The evaluation/optimization of the FeO-Fe,0;-MgO-
Si0, system reported in this study is part of a wider research
program aimed at complete characterization of phase
equilibria and thermodynamic properties of the entire six-
component system Ca0O-MgO-AlLO;-FeO-Fe,05-Si0,, which
has numerous applications in the ceramic, cement and glass
industries, metallurgy, geochemistry, efc. The present
optimization covers the range of oxygen partial pressures
from equilibrium with pure oxygen to metal saturation, and
temperatures from 25 °C to above the liquidus.

I1. PHASES AND THERMODYNAMIC
MODELS

The following solution phases are found in the FeO-
Fe,05-MgO-Si0, system (see Figure 4):

Slag (molten oxide phase): FeO-FeO, s- MgO-SiO,,
Monoxide (magnesiowustite): FeO-FeO, s-MgO,
Spinel  (encompassing magnetite, Fe;0,, and
magnesioferrite, MgFe,0,):
(Fe*', Fe’', Mg™")"[Fe™, Fe**, Mg®", Va]°,0,,

Olivine (encompassing forsterite, Mg,Si0O,, and fayalite,
Fe,Si0y): (Fe**, Mg” )M [Fe*", Mg*1M'SiO,,
Pyroxenes (proto-, ortho-, clino-) (encompassing enstatite,
MgSi0s, and ferrosilite, FeSiOs):

(Fe?, MgZYM [Fe?", Mg® M (S1)B(Si)* 0.

Cations shown within a set of brackets for spinel, olivine
and pyroxene occupy the same sublattice.



The Modified Quasichemical Model,>® which takes
into account short-range ordering of second-nearest-
neighbor cations in the ionic melt, is used for modeling the
slag. The binary and ternary sub-systems MgO-Si0,, FeO-
FeO,s5, FeO-FeO,;s-Si0, and MgO-FeO-FeO,s* have
already been critically evaluated and optimized, and these
optimized model parameters are used as the basis of the
present study. All second-nearest-neighbor “coordination
numbers” used in the mode! for the slag are the same as in
previous studies.”**1 The properties of the quaternary slag
solution were calculated from the binary and ternary
parameters using an  asymmetric  “Toop-like!'"
approximation with SiO, as the “asymmetric component”.
Two additional optimized ternary parameters for the FeO-
MgO-Si0; and FeO, s-MgO-Si0O, solutions were added in
the present study. These are listed in Table I.

The olivine, pyroxene and spinel solution models were
developed within the framework of the Compound Energy
Formalism (CEF).'"'?) The Gibbs energy expression in the
CEF per formula unit is:

G=)>YYG,-TS. +G* [1]
L

where Y; and Y represent the site fractions of cations i and
J on the first and second sublattices, Gj is the Gibbs energy
of an “end-member” i of the solution, in which the first
sublattice is occupied only by cations i and the second

sublattice is occupied only by cations j, G* is the excess

Gibbs energy and S, is the configurational entropy
assuming random mixing on each sublattice:

S, =—R[nl}:z' ny, +n22Y;1nY;J (2]
i J

where n; and n, are the numbers of sites on the first and
second sublattice per formula unit of a solution.

The models for the olivine and pyroxene solutions in
the FeO-Fe,0;-MgO-Si0, system are straightforward since
all cations on the distinct octahedral M2 and M1 sites have
the same charge and therefore all end-members are neutral.

For each of the olivine and pyroxene solutions, there
are four parameters Gry, Gumr, Gum and Ggp (Where M and
F denote Mg and Fe?' respectively). In the case of the
pyroxene solutions the parameter Gyy equals

2 Gysio, Where  Giyggio s the  Gibbs  energy  of

stoichiometric MgSiO;. For the olivine solution, Gyy -
Gfagzsio4 which is the Gibbs energy of stoichiometric
Mg,Si0,, and Gy = Gl?CZSiO,, which is the Gibbs energy of
stoichiometric Fe,SiO;. These parameters were optimized
previously.”! For the pyroxene solutions, Ggr = 2 G}?‘eSiOJ ,

the Gibbs energy of ferrosilite. For ortho-ferrosilite, Gpr =
ZGI?‘:SK)3 as given in Table I was taken from Berman!'’)
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with an adjustment of —996 J/mol to H,,,, as introduced

by Saxena et all" to reproduce high pressure phase
equilibria. The values of G of clino- and ortho-pyroxene
were optimized in the present study in order to best
reproduce the experimental phase equilibrium data. The
parameters Gy and Gy were also optimized in the present
study and are listed in Table 1. The linear combination Iy
has the physical significance of being equal to the energy
change of the reaction when Fe** and Mg®*, occupying M2
and M1 sites respectively, change places. The linear
combination Ayemr similarly has physical significance as
the energy charge of the reciprocal exchange reaction
among end-members.

The spinel solution was modeled previously™* using
the CEF. The magnesiowustite solution was also modeled
previously.®* Since SiO, is insoluble in both these phases,
no further optimization of the models for these solutions
was required.

The thermodynamic properties of solid solutions based
on bee and fcc iron from the SGTE (Scientific Group
Thermodata Europe)!'” database were used for the
calculations of phase equilibria in the FeO-Fe,0,-MgO-
Si0, system at metal saturation. For liquid iron, the
F*A*C*T database’ was used. This database implements a
recently developed model'® to accurately describe the
solubility of oxygen and many other elements in molten
iron. For liquid iron containing dissolved Mg and O, this
mode] assumes the presence of dissolved Mg*O associates.

Hematite, Fe,0,, and silica, SiO,, are treated as
stoichiometric compounds since their nonstoichiometry is
believed to be negligibly small.

II1. EVALUATION/OPTIMIZATION OF
EXPERIMENTAL DATA

Calculated liquidus projections of the FeQ-Fe,O;-
MgO-Si0, system at two opposite extremes of oxygen
potential (metallic iron saturation and in air) are shown in
Figures 5 and 6. As can be seen from the figures, the
olivine solution extends from forsterite, Mg,Si0,, to fayalite,
Fe,Si0,. Pyroxenes, on the other hand, do not extend all the
way to the FeO-SiO, binary system because ferrosilite,
FeSiO;, is not stable in the Fe-Si-O system at a total pressure
of 1 bar, although orthopyroxene FeSiO; is stable at high
pressure. The magnesiowustite solution extends from wustite
in the Fe-O system to pure MgO. A spinel solution, MgFe,0,-
Fe;0,, appears under oxidizing condition.

In the first step of the optimization, the model parameters
of the olivine and pyroxene solutions were optimized to
reproduce the thermodynamic and structural data in the
single- phase fields and the sub-solidus phase equilibria
magnesiowustite/olivine and olivine/pyroxene. Subsequently,
all other phase equilibria, including those involving liquid
slag, were predicted and compared with experimental data.
Although the predicted results were already good, two small
ternary parameters for the liquid slag were added to give the
best reproduction of the data. At this stage, the optimized
model parameters for the olivine and pyroxene solutions were



also slightly modified. The final optimized model parameters
are listed in Table 1. The details of the optimization are given
below.

A. Structural Data

Olivine and pyroxenes have two distinct octahedral
sites called M2 and M1, which are occupied by the Fe** and
Mg cations. M2 sites are bigger than M1 sites. The
calculated distribution of cations between the M2 and M1
sites in olivine and orthopyroxene are shown in Figures 7
and 8 along with experimental data. The cation distribution
in olivine was measured by several authors.'’”?2) The most
recent in situ neutron diffraction measurements performed
by Redfern er al”® on a synthesized MgFeSiO, sample
secem to be the most reliable. These authors found that the
cation distribution does not reach an equilibrium state
below about 800 K; therefore only the high-temperature
data were used to optimize the parameter Jyr of the olivine
model. As can be seen in Figure 7, the optimized cation
distribution curve is in good agreement with the resuits of
Redfern et al.”” above 800 K.

Since the cation distribution in orthopyroxene is used
as a geo-barometer, it has been well studied™>'! using
different techniques such as Mdssbauer spectroscopy and
X-ray diffraction. As can be seen from Figure 8a, the data
are widely scattered. The scatter is caused in part by the
kinetics of cation ordering in the pyroxenes which is
extremely slow at low temperatures as pointed out by
Anovitz et al® The recent measurements by Yang and
Ghose!””) are believed to be the most reliable. The authors
used an in situ single-crystal X-ray diffraction method and
synthetic orthopyroxene samples. These data were used to
optimize the parameter /s of the orthopyroxene model.
The same value was used for the parameters fyr for the
other pyroxene solutions since no reliable cation
distribution data are available for clino- and proto-
pyroxene. The cation distributions calculated at different
temperatures from 500° to 1027 °C are compared with
experimental data in Figure 8. As can be seen from Figure
8b, the data by Yang and Ghose® are well reproduced.

B. Subsolidus Phase Equilibria

1. Tie-lines between solid solutions

Figures 9 to 11 show the calculated tie-lines between
solid solutions at sub-solidus temperatures. Williams®* and
Nafziger and Muan™ equilibrated solid solutions at
metallic iron saturation and determined the compositions of
the solutions from X-ray measurements of lattice
parameters. Similar techniques were wused in other
studies.”**% Wiser and Wood®” and Jacobsson®® obtained
the compositions of equilibrated phases using the EPMA
(WDS) technique. It is not clear what experimental
technique was used by Goresy and Woermann.*” Phase
equilibria between spinel and olivine solid solutions were
measured by Jamieson and Roeder.*”) They equilibrated the
mixtures of olivine and spinel under different oxygen
partial pressures. At low oxygen potential, the three-phase
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equilibrium (spinel+olivinet+pyroxene) was achieved, while
the two-phase equilibrium (spinel+olivine) was obtained at
high oxygen pressure. After equilibration, the composition
of each phase was determined by EPMA (EDS) under the
assumption that there were no vacancies (i. €. no oxygen
nonstoichiometry) in the spinel. Actually, there should be
not one, but several calculated lines in Figure 11
corresponding to different oxygen pressures. However,
these lines are almost coincident. As can be seen from
Figures 9 to 11, all sub-solidus experimental data are in
good agreement with the calculated lines.

2. Equilibrium oxygen partial pressures in three-phase
regions

The equilibrium oxygen partial pressures for sub-
solidus phase equilibria are calculated in Figures 12 to 14.
Several authors”****"*142] determined the oxygen partial
pressure by emf measurements or by gas equilibration
experiments. As can be seen from Figure 12, the oxygen
partial pressure over the (olivine+magnesiowustite+Fe)
phase assemblage is well reproduced. However,
experimental data in Figures 13 and 14 appear to be
systematically higher than the calculated lines, especially at
low temperatures. It should be noted that the experimental
data in Figure 13 are in disagreement with more recent
data™*! on the oxygen partial pressure over the
(olivinettridymite+Fe) field in the Fe-Si-O system (at a
mole fraction of Fe,SiO; equal to 1.0 in Figure 13).
Therefore, between the two sets of data, the results of
Jacob'™! and Darken'*! were selected and it was concluded
that the experimental data in Figure 13 probably contain a
systematic error. This also explains a systematic deviation
between the results from the same studies®®*! and the
calculated lines in Figure 14. Note also the large scatter of
the experimental points by Williams."*”! Furthermore, these
experimental studies”>***'*J do not report the crystal
structure of the pyroxene solutions. The presence of
metastable pyroxene modifications is another possible
source of error. In Figure 14, the oxygen partial pressure of
the metastable equilibrium with proto-pyroxene instead of
ortho-pyroxene is plotted to demonstrate this effect.

3. Enthalpies of mixing

The calculated enthalpies of mixing of the olivine and
orthopyroxene solid solutions are shown in Figures 15 and
16 along with the experimental data.**"! Thierry er al.l*”
and Wood and Kleppa™”! measured the enthalpy of olivine
using solution calorimetry at 1180 K and 970 K,
respectively. Although the measured and calculated values
are not in good accord, the agreement is essentially within
the experimental error limits. Such large scatter is typical of
such measurements in oxide systems. The calculated curves
in Figures 15 and 16 are consistent with the measured
phase equilibria and cation distribution data.

One adjustable parameter, Ayp.r, Was optimized for
the olivine solution, mainly to reproduce the phase
equilibria. For the pyroxene solutions, Ayrme Was set to
zero and slight adjustments were made to Gg to reproduce
the phase equilibria data.



C. Liguidus and Solidus Data

For the liquid slag, two small ternary parameters listed
in Table 1 were optimized to reproduce the phase diagram
data discussed below. It should be noted that even without
these two parameters, most of the phase equilibrium data
are very well predicted by the Quasichemical Model. ¥

1. Phase diagrams at different oxygen potentials

Calculated phase diagram sections of the Fe,0;-MgO-
Si0;-0, system in air are shown in Figure 17 at different
SiO, contents. Figure 18 shows calculated liquidus
projections from the oxygen corner of the Fe;04-MgO-
Si0,-0, tetrahedron onto the Fe;04-MgO-SiO, basal plane
for different oxygen partial pressures. The calculated phase
diagrams are compared with experimental data 14550
Correia and White!*® determined the phase relationships of
this system in air at temperatures between 1300° and 1700
°C using a quenching technique followed by X-ray
diffraction for phase identification and EPMA (EDS) for
phase composition determination. Muan and Osborn'™®!
determined the phase equilibria under various oxygen
partial pressures, including air, using a quenching technique
and optical and X-ray phase identification. Ambruz et al’%
determined the phase relationships in the Mg;SiO,-
MgFe,0, section at temperatures from 1550° to 1770 °C in
air.

Strictly speaking, the results of the studies [49] and
[501 do not lie exactly on the sections shown in Figure 17,
which were studied by Correia and White.'*¥! However,
when the data from References [49,50] are close to these
sections, they are also shown in Figure 17 for comparison.
As can be seen from Figures 17 and 18, the experimental
data are often contradictory. For example, Muan and
Osborn!! reported the eutectic reaction (liquid — olivine +
spinel + monoxide) at about 1700 °C in air. This was later
reported by Correia and White!*®! and Ambruz et al.® to
be a peritectic reaction (monoxide + liquid — olivine +
spinel) at about 1655 °C. Actually, Muan and Osborn
discussed the difficulty of quenching in their experiments,
which may explain the contradictory conclusions. As can
be seen in Figures 17 and 18, the peritectic reaction is well
reproduced in this study. Furthermore, it should be noted
that the phase boundaries obtained by Muan and Osborn!*”!
(and also by Speidel and Osborn! ) are systematically
lower in SiO, by about 5 to 10 weight % as compared to the
more recent results by Correia and White.[*®! The calculated
phase diagrams in Figures 17 and 18 are more consistent
with the latter data. On the other hand, Correia and
White!*®! reported that their data obtained by EPMA (EDS)
are not always consistent with those obtained by
ceramography and XRD. For example, the calculated phase
boundaries at low temperature in the iron-rich part of
Figure 17 and the (Oliv+Sp)/(Oliv+Sp+L) phase boundary
are closer to the EPMA (EDS) data (not shown in Figure
17).

Speidel and Osborn”"™ used microscopy and XRD to
identify crystalline phases, as well as EPMA (EDS) to

[51]
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establish phase compositions in equilibrium phase
assemblages among spinel, olivine, pyroxene, liquid and
tridymite which were equilibrated at appropriate
temperatures and oxygen partial pressures and quenched.
The calculated and experimental invariant points are
compared in Tables II and III.

Schurmann and KolmP® studied the effect of SiO,
content on the liquidus in the FeO-Fe,0;-MgO-8i0; system
at 1600 °C. The iron-rich slag was equilibrated in magnesia
crucibles under various oxygen partial pressures and the
slag compositions were measured by wet chemical analysis.
The reported results are compared with calculated curves in
Figure 19, where the liquidus is projected onto the FeO-
Fe,0,-MgO plane through the SiO, corner. The saturation
phases are also marked in the figure. The calculated curves
agree well with the experiments for slags containing less
than 50 weight % Fe,Os. However, the experimental MgO
contents of the slag are much higher than the calculated
values in the spinel saturation region. Most likely, this
results from a lack of equilibration due to the fact that the
experiments were performed in MgO crucibles. Similar
problems with data from the same authors were
encountered in evaluating the FeO-Fe,0;-MgO system as
discussed earlier.[!

2. Phase diagrams in equilibrium with iron

The calculated phase diagrams of the FeO-Fe,Os-
MgO-SiO, system at saturation with metallic iron are
shown in Figures 20 to 22 along with experimental data.
Bowen and Schairer™! investigated this system using a
classical quenching technique and optical microscopic
phase determination. They determined the phase diagram of
the orthosilicate olivine section (Mg,Si0,4-Fe,510,) and the
metasilicate section (MgSiO;-FeSiO3), and also measured
the liquidus projection at saturation with metallic iron.
Nafziger and Muan”’! measured the solidus in the FeO-
Fe,0,-MgO-Si0, system at various SiO, contents using
quenching experiments. Kojima et al® and Shim and
Ban-Ya!®! measured the liquidus composition of the
magnesiowustite and olivine phases from 1550° to 1650 °C
by equilibration of slag and metallic iron in MgO crucibles.
As can be seen from Figure 20, their data are not fully
consistent with the experimental results of Bowen and
Schairer™ which seem to be more reliable. When an
experiment is performed in an oxide crucible, the analyzed
slag composition is often shifted towards the crucible
composition, either because particles of the crucible are
entrapped in the analyzed slag or because of rapid
dissolution of the crucible by the slag. Greigt®® studied the
miscibility gap in the FeO-Fe,0;-MgO-SiO, system.
However, the experiments were performed for only two
compositions at unspecified temperatures. The calculated
liquidus projection in Figure 20 is in good agreement with
the results of Bowen and Schairer. The solidus of olivine is
also well reproduced in Figure 21.

Phase relationships in the metasilicate section have not
been well studied. As mentioned by Bowen and Schairer,” 2
this is due to the slow kinetics of phase transformations of
pyroxenes and the difficulty in distinguishing among the



different crystal structures of pyroxenes wusing optical
microscopy or X-ray diffraction. Thus, the reported
experimental data are not sufficient to construct the phase
equilibria between pyroxenes. The metasilicate section is
calculated in the present study based on the following data:
(a) pure MgSiO; transforms from ortho- to proto-pyroxene
at about 984 °C; (b) the shape of the phase boundaries of
proto-pyroxene is similar to that in the MgSiO;-MnSiO;
system;"*”) (c) the pyroxene phase in equilibrium with liquid
is clino-pyroxene as reported by Bowen and Schairer;™* (d)
the shape of the phase boundaries between clino-pyroxene
and ortho-pyroxene corresponds to the MgSiO;-FeSiO,
phase diagram estimated by Huebner and Turnock? from
their study of the CaSiO;-MgSiO;-FeSiO; system. The
pyroxene solid solution dissociates into olivine and
tridymite. However, as can be seen from Figure 22, the data
on the maximum solubility of FeSiO; in MgSiO; are
contradictory. The calculated phase diagram of the
MgSi0;-FeSiO; metasilicate section is shown in Figure 22.
In order to extend the stoichiometry range of pyroxene
further to the FeSiO; side, the pyroxene solution must be
stabilized by making the Gibbs energy of mixing of
pyroxene and/or the Gibbs energy of the FeSiO; end-
member more negative. However, these thermodynamic
properties are constrained by the phase equilibria shown in
Figures 8, 10 and 14 as well as by the high-pressure
equilibrium!**! 2FeSi0;=Fe,Si04+Si0; (the latter fixes the
Gibbs energy of FeSiO;). Therefore, the calculated
MgSiO;-FeSiO; section is believed to represent the best
overall fit of various types of available experimental data.

Yang and Ghose!”! found that ortho-pyroxene of the
(Mgg2sFeo5)Si0;  composition transformed to clino-
pyroxene above 1200 K during their cation distribution
measurements. The temperature of this metastable phase
transition is calculated to be 1138 K. The calculated SiO,
liquidus in the metasilicate section is slightly lower than the
experimental data of Bowen and Schairer.”” However, as
can be seen from the dotted line in Figure 22, when just 2
weight % of excess Si0O, is present in the system, the
liquidus temperature in the FeSiO; rich region is
significantly increased. Hence, the higher measured
liquidus temperatures may be explained by small deviations
of the experimental samples from the metasilicate
stoichiometry.

3. Activities of FeO

Figure 23 shows the calculated activities of FeO with
respect to the liquid standard state in liquid FeO-MgO-Si0,
slags saturated with metallic iron at 1600 °C and 1900 °C.
Shim and Ban-Yal®* reported the oxygen content of liquid
iron equilibrated with slags in magnesia crucibles. The
activity of FeO was calculated from these data in the
present study using the present optimized activity
coefficient of oxygen in liquid iron."'® These activities are
very scattered probably due to a lack of equilibration in the
MgO crucibles. The oxygen solubilities in liquid iron as
measured by Kojima et al.®" and by Sakawa et al.* are
not reported in their articles. Only the activities of FeO
calculated by the authors from the solubility data are given.
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Overall, the iso-activity curves calculated in the present
study agree with the results of Kojima ef al. and Sakawa et
al. within the experimental error limits as can be seen in
Figure 23.

Iv. CONCLUSIONS

A complete critical evaluation of all available phase
diagram and thermodynamic data at 1 bar total pressure for
the FeO-Fe,03-Mg0-Si0;, system has been carried out, and
a database of optimized model parameters has been
developed. A wide variety of available data is reproduced
within experimental error limits by a very few model
parameters. With the present optimized database, it is
possible to calculate any phase diagram section for all
compositions and oxygen partial pressures. The optimized
parameters form part of the F*A*C*T* database, which can
be used together with the FactSage software®™ for
thermodynamic modeling of various industrial and natural
processes.
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Table 1. Optimized model parameters of solutions in the FeO-Fe,0;-MgO-SiO; system (J/mol and J/mol-K).

Olivine: (Fe2, Mg?HYM?[Fe**, Mg"1M'SiO,
Avevr= Gym + Gre— Gur — Grm -4602.4
Ivg= Gvr— Gem -8884.3+10.878 T

Ortho-pyroxene: (Fe?*, Mg*" )" (Fe**, Mg™)"'(S1)(Si)* O,

G HS,, o (298.15K)=-1195369.76, S, ,, = 95.88317
FeSi0, ' 2 ;05 ]
Cp=169.06 - 20973187 “ 119297 T 7"+ 292532958 T
Avirmr= Gum + Grr— Gur — Gem 010
IMF = GMF - (;FM 16736
Clino-pyroxene: (Fe**, Mg”H)™*(Fe®*, Mg” )" (Si)®(Si)* Oy
GFF(CliIlO) - GFF(OﬁhO) -519
Avrmr = Gum + Grr— Gur — Grm 0.0
Iyr= Gyr— Gpm 16736
Proto-pyroxene:(Fe?*, Mg* )" (Fe?*, Mg* )™ (Si)®(Si)* O
Grp(clino) — Ggp(ortho) 10360
Aprmr = Gvm + Gre— Gur — Gim 0.0
Ivr= Gyr—~ Grm 16736

Liquid Oxide: FeO-FeO, 5-MgO-SiO,
riso, 50, e0) 20920

201

90,510, (FeO) 46024

All other model parameters for binary and ternary subsystems were reported earlier.**%

Notations M and F are used for Mg®" and Fe?*, respectively.
®) The Gibbs energy is taken from Berman'! and H?,, ,, is slightly modified by — 996 J/mol in order to reproduce high

pressure phase equilibria.!'!
") The quasichemical parameters are defined in References [7,8].

Gibbs energies of the pure components of the olivine solution, liquid oxide solution, proto-, ortho-, and clino-MgSiOs
and ortho-FeSiO; are taken from the F*A*C*T database.”



Table II. Calculated and experimental invariant points in air of the FeO-Fe,0;-MgO-SiO, system.
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Composition (in weight percent)

EX}I ( (él)alc. Phases MgO S10, Fe,0; equivalent**

Exp. Calc. Exp. Calc. Exp. Calc.  Reference

1650 1656 Mw* 35.2 35.1 1.0 0.0 63.8 64.9 [43]

Spinel 16.6 15.5 0.4 0.0 83.0 84.5 [43]

Olivine 543 54.3 41.2 419 4.5 3.8 [43]

Liquid 29.5 327 19.5 21.3 51 46.0 [43]

40 13 47 [44]

1390 1375 Spinel 11.4 9.7 0.5 0.0 88.1 90.3 [43}

1375 13.5 0.0 86.5 46}

Olivine 51.2 51.3 40.5 41.1 83 7.6 [43]

50 41 9 [46]

Pyroxene 36.5 37.8 57.7 58.8 5.8 34 [43]

37 58 5 [46]

Liquid 22.0 19.6 47.0 46.7 31.0 33.7 [43]

18 40 42 [46]

1365 1365 Spinel 10 8.8 0.5 0.0 89.5 91.2 [43]

1339 12.5 0.0 87.5 [46]

Pyroxene 35.7 37.6 57.8 58.8 6.5 3.6 [43]

37 57.5 55 [46]

Tridymite 0.1 0.0 97.9 100 2 0.0 [43]

0.0 100 0.0 [46]

Liquid 19.3 16.0 47.7 49.1 33 34.9 [43]

16 44 40 [46]

* MW represents the Magnesiowustite phase.
** All iron assumed to be trivalent.

Table III. Calculated and experimental invariant points of the FeO-Fe,0;-MgO-SiO, system at different oxygen pressures and

in equilibrium with iron.

T (°C) MgO Si0, FeO equivalent***
log (Po, , bar) Exp. Calc. Phases Exp. Calc. Exp. Calc. Exp. Calc.  Reference
-5.6 1285 1268  Olivine 27.0 35.7 35 37.3 [46]
Pyroxene 12.5 227 67.5 53.7 20 23.6
Spinel 1.8 0.0 98 98.2
Liquid 7.8 39.2 52 53.0
-5.8 1277 1255 Pyroxene 213 53.2 22 25.5 [46]
Spinel 1.5 0.0 97.5 98.5
Liquid 10 7.2 39.5 38.8 50.5 54.0
Tridymite 0.0 0.0 100 100 0.0 0.0
-7.1%* 1255 1211 Olivine 14.6 32.9 40 52.5 [46]
Spinel 0.7 0.0 98.5 99.3
Liquid 6.5 3.6 37.0 36.0 56.5 60.4
Tridymite 0.0 0.0 100 100 0.0 0.0
Pyroxene — — 27.5 e
-8.8%* 1160 Olivine 48 [46]
Spinel 99
Liquid 1.5 34 64.5
Tridymite 100
1305 1295  Olivine 21.3 34.4 443 (47]
Metallic iron Pyroxene 16.1 19.0 513 52.3 32.7 28.7
Liquid 7.6 43.7 48.7
Tridymite 0.0 0.0 100 100 0.0 0.0

* Only 4 condensed phases can coexist in equilibrium at a fixed oxygen potential.

** Calculations show that this phase assemblage is metastable.
#*% All iron assumed to be divalent.
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Fig. 4 — Schematic representation of phases in the FeO-

Fe,03-MgO-Si0; system (MW=magnesiowustite).

MgO

{2825) mole fraction

FeO

{1340)

Fig. 5 — Calculated liquidus projection of the FeO-Fe,0s-
MgO-Si0O, system at 1 bar total pressure in equilibrium
with metallic iron. The thin solid lines are calculated
isotherms; temperatures are in °C. The univariant lines are
bold. (Projection from the Fe- corner of the Fe-FeO-MgO-

SiO, tetrahedron onto the basal plane).
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bar, (b) air, (c) CO,/H, =132, (d) CO,/H,;=24. Symbols:
Circle-Spinel, Triangle-Olivine, Diamond-Silica, Inverted
Triangle- Magnesiowustite, Rectangle-Pyroxene primary
phase. (Filled: Reference [48], Open: Reference [49] and
Half-filled: Reference [50]).
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Critical Thermodynamic Evaluation and Optimization of

the MgO-Al,O;,
Systems

Ca0-MgO-ALO; and MgO-Al,0;-SiO,

IN-HO JUNG, SERGEI A. DECTEROYV, and ARTHUR D. PELTON

A complete critical evaluation and thermodynamic modeling of the phase diagrams and
thermodynamic properties of oxide phases in the MgO-AlL,0;, CaO-MgO-ALO; and MgO-Al,O;-
Si0, systems at 1 bar total pressure are presented. Optimized equations for the thermodynamic
properties of all phases are obtained which reproduce all available thermodynamic and phase
equilibrium data within experimental error limits from 25°C to above the liquidus temperatures at
all compositions. The database of the model parameters can be used along with software for
Gibbs energy minimization in order to calculate any type of phase diagram section.

L INTRODUCTION

The MgO-A1203, CaO—MgO—Ale3 and MgO-A1203-
Si0, systems are fundamental to the understanding of
metallurgical slags, refractories, ceramic materials and
geological phenomena.  Eriksson er al!'! reported a
thermodynamic evaluation/optimization of the MgO-ALO;
system using a simplified model for the spinel solution.
Hallstedt” described the spinel solution using a two-
sublattice Compound Energy Formalism in his optimization
of the MgO-ALO; system. He modeled the liquid slag
using a two-sublattice ionic model. Hallstedt also reported
an optimization of the ternary Ca0-MgO-Al,0; system. !

Recently, a new formulation of the spinel model has
been developed. Furthermore, many new structural and
thermodynamic data for the spinel phase have been
reported, and two new ternary phases in the CaO-MgO-
ALO; system have been reported. A new and more
accurate thermodynamic optimization/evaluation of the
MgO-AlL,0O5 and CaO-MgO-Al,O; systems, using the most
recent models and data, is warranted. A thermodynamic
evaluation/optimization of the MgO-Al,05-Si0, system has
not previously been reported.

The main goal of the present study is to perform a
critical assessment and optimization of thermodynamic
properties at 1 bar total pressure of oxide phases in the
MgO-ALO;, CaO-MgO-ALO; and MgO-ALO;s-SiO,
systems. In the thermodynamic “optimization” of a
chemical system, all available thermodynamic and phase
equilibrium data are evaluated simultaneously in order to
obtain one set of model equations for the Gibbs energies of

all phase as functions of temperature and composition.
From these equations, all of the thermodynamic properties
and the phase diagrams can be back-calculated. In this
way, all the data are rendered self-consistent and consistent
with thermodynamic principles. Thermodynamic property
data, such as activity data, can aid in the evaluation of the
phase diagram, and phase diagram measurements can be
used to deduce thermodynamic properties. Discrepancies
in the available data can often be resolved, and
interpolations and extrapolations can be made in a
thermodynamically correct manner.

The thermodynamic. evaluation/optimization of the
MgO-A1203, CaO-MgO-A1203 and MgO-A1203-Si02
systems reported in the present study is part of a wider
research program aimed at complete characterization of
phase equilibria and thermodynamic properties of the entire
six-component system CaO-MgQO-ALO;-FeO-Fe,0;-Si0,,
which has numerous applications in the ceramic, cement
and glass industries, metallurgy, geochemistry, etc. The
present optimization covers the range of temperatures from
25°C to above the liquidus.

II. PHASES AND THERMODYNAMIC
MODELS

The following solution phases are found in the CaO-
MgO-AlO; and MgO-Al,0;-Si0, systems:

Slag (molten oxide phase): CaO-MgO-S10,-Al0; 5
Spinel: (Mg**, AI’*)"[Mg*", Al**, ValJ 0,
Pyroxene:

(Mg)M2 (Mg“ ’ AP )Ml (A13+ ’ gj* )B (Si)A 0,

Monoxide: MgO-Ca0-AlO, 5

Cations shown within a set of brackets for spinel and
pyroxene occupy the same sublattice.



A. Slag (molten oxide)

The Modified Quasichemical Model™™ which takes
into account short-range-ordering of second-nearest-
neighbor cation in the ionic melt, is used for modeling the
slag. The sub-systems CaO-Mg0,” Ca0-ALO;," MgO-
SiO,!" and ALO;-SiO,N'? have already been critically
evaluated and optimized, and the optimized model
parameters are used as the basis of the present study. All
second-nearest-neighbor “coordination numbers” used in
the model are the same as in the previous studies.>'!
Additional binary and termary model parameters for the
MgO-ALO; and MgO-AL,0;5-Si0;, ternary slag solutions
were optimized in the present study. These are listed in
Table 1. The properties of the CaO-MgO-Al,O; ternary
solution were calculated from the binary parameters using
an asymmetric “Toop-like” approximation'' with AlO; s as
the “asymmetric” component, and the properties of the
MgO-ALO;-Si0, ternary solution were also calculated
from the binary and ternary parameters using an
asymmetric “Toop-like” approximation!'? with SiO, as the
“asymmetric” component.

B. Compound Energy Formalism (CEF)

The spinel and pyroxene solution models were
developed within the framework of the two-sublattice
Compound Energy Formalism (CEF).!"! The Gibbs energy
expression in the CEF per formula unit is:

G=>>YYG,~TS.+G" [1]
iJ

where Y, and Y; represent the site fractions of

constituents i and j on the first and second sublattices, Gij

is the Gibbs energy of an “end-member” ij of the solution
in which the first sublattice is occupied only by cation i and
the second sublattice is occupied only by cation j, G® is the
excess Gibbs energy and Sc is the configurational entropy
assuming random mixing on each sublattice:

e RS Y W) @
i J

where n; and n, are the numbers of sites on the first and
second sublattices per formula unit of a solution. GF is
expanded as:

G" = ZZZY'Y!Y’(LM + ZZZYkY:Yj Ly [3]
i j K g

where the parameters L;, are related to interactions
between cations i and j on the first sublattice when the
second sublattice is occupied only by k cations, and the
parameters L;.; are related to interactions between i and j
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cations on the second sublattice when the first sublattice is
occupied only by k cations.

1. Spinel Solution

The spinel solution is modeled as
(Mg™, AP [Mg™, A", Val? 0, with n; =1 and n, =2
sites on the tetrahedral and octahedral sublattices
respectively. Non-stoichiometry can occur through the
introduction of vacancies, Va, on octahedral sites.

G® was set to zero in the present study, so that the six
end-member Gibbs energies G are used to describe the
system. Certain linear combinations of these end-member
Gibbs energies, which have physical significance, are used
as the optimized parameters as discussed in Reference [4].
The optimized parameters are listed in Table I. Details of
the optimization are given in the following sections.

The parameter Gy, is equal to G°(MgALQ,) the Gibbs
energy of normal MgAl, O, spinel. (The notations M, A, V
denote Mg®*, AP’* and Va.) The parameters Jya, dvama
and Auamv are the Gibbs energy changes of the spinel
inversion reaction and of reciprocal site exchange reactions,
respectively.

The spinel solid solution can be considered as a
solution of MgALO, and y-ALOs: (AI* )AL} Va,,),0, .
Assuming a random mixture of AI*" and vacancies on the
octahedral sites, the Gibbs energy of y-AL,O; is given by:

8G°(y —ALO,)=G,, +5G,, +2RT(5In5+6mn6) [4]

The Gibbs energy of y-Al,O; was optimized as equal to
G°(a-AlOs) plus an increment as shown in Table 1.

Following O’Neill and Navrotsky!" the parameter
Apvama Was set to 40 kJ/mol. Since the present study is part
of a larger study!"™ of the entire Fe-Mg-Al-Cr-Co-Ni-Zn-O
system, model parameters must be consistent with those
obtained in optimization of other subsystems. The
parameter Gaa was already optimized in evaluating the Fe-
Al-O spinel solution. Similarly, G°(y-Al;0;) must be
optimized to simultaneously reproduce the solubilities of
ALO; in all spinel solutions.

2. Pyroxene Solutions

In the absence of Ca, there are three polymorphs of
pyroxene: ortho-pyroxene (Pbca, orthorhombic), proto-
pyroxene (Pbcn, orthorhombic), and low clino-pyroxene
(P21/c, monoclinic). All three are considered in the present
study. Pyroxenes have two distinct octahedral sublattices
(M1 and M2) and two distinct tetrahedral sublattices (A and
B). Because the amount of Al on A sites is small,!"! the
following simplified'”? pyroxene structure is used in the
present model:

(Mg (Mg™, AP} (AP 51 ) (S1)*0,  [5)
That is, mixing occurs only on the M1 and B sites, and so

there are four end-member G; parameters in the model for
each of the three polymorphs: Guma, Gums, Gaa and Gag



(where the notation M, A and S indicates Mg**, AI** and
Si*" respectively)

The parameters Gyg are equal to G°(Mg,Si,0¢), the
Gibbs energies of stable Mg,Si,O¢ enstatite (ortho-, proto-
and low clino-). These were evaluated previously."® For
all polymorphs it was assumed that the Gibbs energy of the
site exchange reaction is zero: (Gys + Gaa) — (Gas + Guma)
= 0. Furthermore, with no loss of generality, one can set
Gas = Gua.

The parameter Gan is equal to the Gibbs energy
G°(MgALSiOg) of Mg-Tschermak which is not stable at 1.0
bar pressure, and for which no thermodynamic data exist.
This was evaluated, for each polymorph, through the Gibbs
energy 4w, 15 of the exchange reaction:

AMg—Ts = (GZ‘aMgSiZO,, + GOMgAIZSiO(, )- [6]

o o
G MgySiy0, T G CadlySiOg )

where the Gibbs energies of CaMgSi,Og, Mg,Si,Og and
CaAlLSiOg, for all polymorphs are taken from previous
optimizations.[">!")

Finally Gt parameter Lyaa = Lmas related to
interaction between Mg®" and AI’* on the M1 sites when
the B sites are occupied by either A" or Si** was used.
However, this parameter was not optimized in the present
study, its value having already been fixed in an earlier
study!>? to reproduce phase equilibrium and enthalpy of
mixing data for CaMgSi,04,-CaAlSiO4 (diopside - Ca-
Tschermak) solutions.

D. Monoxide Solution

The MgO-Ca0-AlOQ, s monoxide solution was modeled
as a simple random mixture of Mg®", Ca*" and AI’" ions on
cation sites with simple polynomial excess Gibbs energy
terms.'? It is assumed that cation vacancies remain
associated with AI** ions and so do not contribute to the
configurational entropy. Binary excess Gibbs energies
were modeled by simple polynomial expansions in the
mole fractions. Optimized parameters for the MgO-CaO
binary system were obtained previously.”) These model
parameters reproduce the solid-solid miscibility gap in the
MgO-CaO system. Additional parameters were optimized
in the present study as described in the following sections.
These are listed in Table I. The properties of the ternary
MgO-Ca0-AlQ, s solution were calculated from the
symmetric “Kohler-like” approximation.!'”

111 THERMODYNAMIC EVALUATIONS AND
OPTIMIZATIONS

A. MgO-A41,0; System

1. Summary of Available Experimental Data

The phase diagram of the MgO-ALO; system is shown
in Figure 1. In a preliminary study, Rankin and Merwin®!
determined the congruent melting temperature of MgA1,O,.
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Alper et al.'* determined the phase diagram of the MgO-
MgAlL O, system using a quenching technique followed by
XRD or optical phase identification. Viechnicki ez al.**!
investigated the solidus and liquidus under Ar atmospheres
using the collapsing cone technique. They reported a
eutectic reaction between spinel and ALO; at 1975 °C
which is higher than the temperature of 1925 °C reported by
Rankin and Merwin.?!)

Many investigations have been performed to measure
the solubility of AL,O; in MgO (periclase)’****** and in the
spinel solution®"*2* in the temperature range between
1230° and 1975°C.  Usually the solubilities were
determined from the change of lattice parameters of
quenched samples as determined by XRD. While the
measured solubilities of AL O; in periclase show good
agreement among authors, there is more scatter in the
reported solubilities of Al,O; in the spinel phase. Shirasuka
and Yamaguchi™! measured the solubility at temperatures
between 1327° and 1927°C.  Viertel and Seifert®”
measured the solubility, seemingly with good accuracy, at 1
kbar total pressure in the temperature range between 1125°
and 1625°C wusing an equilibrium exsolution and
homogenization technique.

According to Lejus and Collongues™ and Lejus,
MgO is nearly insoluble in MgAL,O,. On the other hand,
Alper et al.*® Chiang and Kingery™® and Fujii et al.l*”
reported a small solubility (less than 3 mole %) of MgO in
MgALQ,. In general, solubility of MO in MAL,O, spinels
is rarely observed. The solubility of MgO in MgAl,O,
spinel was assumed to be negligible in the present study.
Roy and Coble™® reported a solubility of MgO in ALO; of
about 0.1 mol % at 1830°C and Ando and Momodal*”
reported a solubility of 0.012 mol %. The solubility of
MgO in Al,O; was assumed to be negligible in the present
study.

The thermodynamic and structural properties of
MgALO,4 have been measured with good accuracy. The
low temperature heat capacity of MgAL O, was measured
by King"*? using adiabatic calorimetry and its entropy at
298.15 K was determined. Heat contents of MgAlL, O, were
measured by Bonnickson,*"? Landa and Naumova,*? and
Richet and Fiquet'®! at temperatures from 400 to 2200 K.
The measured values are in good agreement with each
other. The enthalpy of formation of MgAl, O, from MgO
and Al,O; was measured at temperatures from 970 to 1173
K using calorimetric techniques.!***!

Gibbs energies of formation of MgALO, from MgO
and ALO; were measured by several authors®”*"*! using
different techniques. Taylor and Schmalzried,"® and more
recently Jacob and Jayadevan,*® used a MgF, electrolyte to
measure the Gibbs energy of MgAlLO,. Chamberlin et
al ™! equilibrated spinel and liquid Pd, and measured the
Mg and Al contents in the Pd. The oxygen partial pressure
(controlled by H,/CO, mixtures) was measured using a
solid electrolyte. From the known activity coefficients of
Mg and Al in the Pd alloy, the Gibbs energy of MgAl,0O,
could thereby be calculated. Fujii er al.®”! performed
similar measurements using liquid Cu. Rosen and Muan®™”
equilibrated CoO-MgO and CoAl,04,-MgALO, solid
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solutions under controlled POZ . From the known activities

of CoO and MgO in the CoO-MgO solution (a nearly ideal
solution) and the known Gibbs energy of CoALO,, the
Gibbs energy of MgAlyO, could be estimated using a
Gibbs-Duhem integration technique.

Grjotheim et al.®"! measured the equilibrium partial
pressure of Mg vapor over the three-phase mixture [MgO +
MgAlL,O, + liquid Al] between 1143 and 1414 K.
and Sasamoto er all’®) measured the partial
pressure of Mg over MgO and over MgO-xAlL,O; spinel
solutions (x = 1.0, 2.0 and 2.8) for the congruent
vaporization of MgO (to Mg + 1/2 O, in vacuo) using a
mass spectrometric/Knudsen-cell technique at temperatures
between 1850 and 2300 K.

Navrotsky et al.** measured the enthalpy of formation
of spinel solutions containing excess y-alumina at 975 K
using 2PbO-B,0; solution calorimetry. McHale et al®
reinvestigated the enthalpy of transformation from a-Al,05
(corundum) to y-ALO; by calorimetric measurements on
nano-sized y-AlLO; with a correction being made for
surface energy.

The cation distribution in spinel was measured for in
situ or quenched samples by several authors”®**" using
several different techniques: XRD, neutron powder
diffraction, NMR, ESR, etc. Redfern et al.**) measured the
cation distribution using an in situ neutron spectroscopic
technique.  They also examined the effect of non-
stoichiometry of the spinel on the cation distribution.
Navrotsky et al.'*? measured the enthalpy change for cation
redistribution from 1200 to 973 K.

2. Evaluation and Optimization

Figure 1 shows the calculated optimized phase diagram
of the MgO-A1,0; binary system. All phase diagram data
are reproduced within experimental error limits. The Al,Os
solubilities in spinel were optimized based mainly on the
studies of Shirasuka and Yamaguchi® and Viertel and
Seifert.”%

At 25°C, MgAl,Q, is a fully normal spinel. At higher
temperatures, however, a significant degree of inversion
occurs as can be seen in Figure 2. The calculated
optimized cation distribution is based mainly on the data of
Redfern et al.” who appears to have taken care with
sample preparation and experimental technique. The
calculated cation distribution depends mainly on the
optimized parameter lya.

In the experiments, the cation distribution becomes
frozen in as the samples are cooled below Tgozen ~ 973K,
this temperature being estimated from the results of
Redfern et al.®™ as seen in Figure 2. Furthermore, above a
temperature of Tynquen ~ 1200 K, the high temperature
cation distribution cannot be retained by quenching, this
temperature being estimated very roughly from the results
of Wood et alP which appear to level off above this

temperature. Hence, above ~ 1200 K the cation distribution

can only be determined by in situ measurements.
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Redfern et al.®® also investigated the influence of the
non-stoichiometry of spinel on the cation distribution and
found that the degree of inversion increases with increasing
AlLO, dissolution. This possibly explains the scatter in the
results of Peterson et al.*® whose samples had lower lattice
parameters than the samples in other studies. Andreozzi et
al %) recently measured the cation distribution using XRD.
However, this technique is not sensitive because there is
very little scattering contrast between Mg and ALPY In
agreement with the results of Redfern et al., the degree of
inversion was calculated to increase with increasing
dissolution of Al,Os.

Calculated optimized thermodynamic properties of
MgALQ, are shown in Figures 3 to 8. As can be seen in
Figure 3, the calculated heat capacity is in good agreement
with experimental data. The optimized entropy at 298.15 K
is 80.14 J/mol-K which agrees well with the experimental

value of 80.58 + 0.5 J/mol-K of King.*” S§98.15 of pure

normal spinel in Table I is 80.00 J/mol-K. The difference is
due to the slight degree of inversion at 298.15 K. The heat
content measurements in Figure 4 were obtained
experimentally by quenching samples from a temperature T
to 298.15 K. As discussed above, it is assumed that the
cation distribution becomes frozen at its value at Tgozen ~
973 K when a sample is quenched below this temperature,
and that the cation distribution cannot be retained when
quenched from temperatures above Tyyquen ~ 1200 K.
Therefore, the actual measured enthalpy difference in the
quenching experiments, 4H s, 18 assumed to be equal to:

T<973: AH pes = Hr (c.d. at 973) — Haog s (c.d. at 973) [7]

973 < T'< 1200: AHneas = Hr (c.d. at T) — Hiogys (c.d. at T)
(8]

7> 1200: AHpess = Hy (c.d. at T) — Haog 15 (c.d. at 1200) [9]

where Hr- (c.d. at T") is the enthalpy at T' of a sample
having the equilibrium cation distribution of a sample at
T"". This correction to the reported heat contents is of the
order of a few kJ/mol. With this correction, the measured
and calculated heat contents are in excellent agreement as
can be seen in Figure 4.

Navrotsky®? measured the annealing enthalpy for
cation redistribution from 1200 to 973 K with the
assumption that the heat capacity is independent of cation
distribution. The calculated value of 1.9 kJ/mol agrees
reasonably with the value of 1.1 + 0.7 kJ/mol reported by
Navrotsky.

The enthalpy of formation of MgA1,O, from MgO and
Al,O5 was calculated as -22.7 kJ/mole at 970 K and —21.8
kl/mole at 1173 K, in good agreement with the
experimental datal**% (-24.7 or -22.5 + 2.5 kJ/mol at 970
K, and -22.3 + 2.8 kJ/mol at 1173 K). The value initially
reported by Navrotsky and Kleppa®® was revised by
Schearer and Kleppa!® using a more recent value of the
enthalpy of dissolution of MgO in PbO-B,0,. This revised
value was used in the optimization in the present study.



The calculated Gibbs energy of formation of MgAlL,O4
from solid MgO and AlL,Os is calculated and compared with
experimental data in Figure 5. The data of Taylor and
Schmalzried™”! are not in agreement with the data of other
authors. Also it was difficult to reproduce the
measurements of Jacob and Jayadevan® who used emf
cells with MgF, electrolytes as did Taylor and Schmalzried.

The calculated partial pressure of Mg(gas) at
equilibrium with (MgO + liquid alloy + MgAlLOy)
compares well with the measurements”' | as shown in
Figure 6. The F*A*C*T*!") database was used for the
properties of Mg(gas) and for the activity of Mg in molten
Al-Mg alloys. The calculated equilibrium solubility of Mg
in the molten Al also agrees well with the reported”"
solubilities.

Figure 7  compares the  calculated and
experimentalm’“] equilibrium pressure of Mg(gas) for the
congruent vaporization of MgO (to Mg(g) + 1/2 O, in
vacuo) from MgO and from MgO-xAl,O; spinel solutions
(x = 1.0, 2.0 and 2.8) at various temperatures. The data are
reproduced within the experimental error limits.

The enthalpy of formation of the spinel solution
(MgALO, - y-Alg;30,) from MgO and a-Alg;0, is plotted
in Figure 8. At an alumina mole fraction of 1.0, this
enthalpy corresponds to the enthalpy of transformation of
4/3 moles of a-ALO; to 4/3 moles of y-AlL,O;. The point of
McHale et al.** was obtained for nano-sized materials with
a correction being made for surface energy. The optimized
value of 40 kJ per mole of Alg;04 is larger than the
reported value because the optimized value was chosen to
reproduce solubility data of ALO; not just in MgAl,O4 but
in several other spinel phases'” in the Fe-Mg-Al-Cr-Co-
Ni-Zn-O system (CoAl,0O,, NiALO,, FeAlL,O, and
ZnAl,O,) simultaneously. If the spinel/(spinel+AlLOs)
phase boundary in Figure 1 is extrapolated to a mole
fraction of ALQO; of 1.0, the resultant temperature is the
equilibrium temperature for the transformation of a-ALO;
to metastable pure y-Al,Os. Since this temperature must be
the same for all spinel systems, similar extrapolations were
made for Fe-, Co-, Ni- and Zn-spinels and an average
temperature of 2400 K was determined. Taking the above
value of 30 kJ per mole of Al,O; for the transformation
enthalpy, the entropy of transformation is then calculated as
30000/2400 = 12.500 J/mol-K. These values are shown in
Table I.

B. Ca0O-MgO-Al,0; System

1. Summary of Available Experimental Data

The liquidus surface of the CaO-MgO-Al,O5 system is
shown in Figure 9. Rankin and Merwin®®"! measured the
phase diagram using a classical quenching technique
followed by microscopic primary phase determination. The
Ca;MgAl,Og compound was first reported by Welch,!®!
who also reported a metastable Ca;MgAl Oy ternary
compound. Majumdar’®  investigated the primary
crystallization region of the ternary Ca;MgAl1,05 compound
using XRD phase determination on quenched samples.
Rao!®! determined phase diagrams of the CaAlLOs-
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MgALO, and CaAl;0;-MgALO, sections using hot stage
microscopy. Melnik et al.® measured fusion temperatures
in the Ca0-AL0;-MgAl,0,-MgO section but details of the
experimental technique were not given and the measured
data are ambiguous. Recently, De Aza et all®"*
investigated the phase diagram of the CaO-MgO-ALO;
section extensively using a quenching technique (air
quenched at T < 1725°C; quenched inside the furnace by
switching off the power at T > 1725°C) in the temperature
range from 1350° to 2000°C. The phases in the quenched
samples were determined by XRD, and several
compositions of the spinel solution were also measured by
EPMA (WDS). This study reconfirmed the existence of the
CaMg,AlLs0,; and Ca,Mg,AbLgOs  phases  originally
reported by Gobbels et al® and Tyi et al. " and showed
that these phases actually exist as solid solutions over very
limited ranges of composition.[®7" In the present study,
these compounds were treated as stoichiometric. The
liquidus isotherms at 1550°, 1600° and 1650°C were also
measured by Ohta and Suito!”" and Hino et al" from
analysis of slags at saturation in CaO, MgO, or ALO;
crucibles.

Allibert et al™ measured the activities of CaO and
MgO in molten slags at 1687°C by a mass
spectrometric/effusion cell technique. Activities of ALO;
were then calculated from the Gibbs-Duhem equation.
Hino ez al."™ equilibrated slags and liquid Cu at 1600°C in
carbon crucibles under a CO atmosphere and measured the
Al, Ca and Mg contents in the liquid Cu. From the known
activity coefficients of Al, Ca and Mg in liquid Cu, the
activities of Al,O3;, CaO and MgO in the liquid slags were
computed. Ohta and Suito!”"! employed a similar technique
using liquid Fe at 1550° and 1600°C and calculated
activities in the molten slags saturated with CaO, MgO or
spinel.

2. Evaluation and Optimization

For the molten slag phase, no additional ternary model
parameters were used; the properties of the ternary liquid
were calculated entirely from the model parameters for the
three binary subsystems using an asymmetric “Toop-like”
approximation!'? with AlO,s taken as the “asymmetric”
component. The entropies and heat capacities of the
ternary compounds Ca;MgAl,Os, CaMg,AlsO,;  and
Ca,Mg;Aly30y4 were estimated as the weighted averages of
the entropies and heat capacities of solid MgO, CaO and
ALO;. The enthalpies of formation at 298.15 K were
optimized in the present study to reproduce the phase
equilibrium measurements. These are the only additional
model parameters which were added in the optimization of
the ternary system. The calculated liquidus projection is
shown in Figure 9.

The calculated primary crystallization fields in the
Ca0-MgO-AlLO; system are plotted in Figure 10 along
with the ex%)erimental data of Rankin and Merwin,?"
Majumdar,® Rao'® and De Aza et al'*"*® De Aza et
al®”%® measured liquid compositions along the phase
boundaries by EPMA (WDS) analysis of quenched
samples. A Caj;Al ;053 phase was observed by Rankin and



Merwin and Majumdar. However it was concluded by
Nurse et al. that this compound is not stable in the
anhydrous Ca0-Al,O; system but is only stabilized by the
presence of moisture. Unstable CasAlgO14, CazAljpO 5 and
B-ALO; compounds were also observed by Rankin and
Merwin. These compounds were not considered in the
present study. The primary crystallization fields of
CaMgyAl;0,; and Ca,MgyAl304 have not  been
investigated. Agreement between calculations and
measurements is satisfactory as can be seen in Figure 10.

Measured?" and calculated liquidus temperatures are
compared in Table II. For the first listing in the table, the
composition lies in the steepest part of the CaO liquidus
(see Figure 9). On the second line in Table II it is shown
that a composition change of only 0.7% decreases the
calculated liquidus temperature by 87°. The composition
(eleventh line in Table II), for which a temperature of
1710°C is calculated, also lies in this region and very close
to the boundary of the MgO crystallization field. In
general, agreement in Table II is within experimental error
limits. Calculated ternary invariant points are listed in
Table III along with reported values. The values reported
by De Aza et al.'®) are not shown because they were only
estimated from widely spread experimental points.

Figure 11 shows the calculated CaO-MgO-Al,O5 phase
diagram section. Phase relations in this section were
comprehensively measured by De Aza et al.'®*®) Since the
samples were air quenched at T < 1725°C and were
quenched inside the furnace by switching off the power at
T > 1725°C, the quenching, especially from high
temperatures, may have been too slow to assure that the
equilibrium phase assemblages were retained. Solid phases
could have precipitated during quenching. For example,
CaAl;0y9 is shown as stable up to 1875°C, although the
melting temperature of CaAl;;09 has been reported[”] to
be about 1830°C. Because liquidus temperatures are well
predicted over a wide range of compositions in the ternary
system (see Table II), the inconsistency between De Aza et
al.’s measurements and the calculations in Figure 11 could
be due to experimental errors caused by the quenching
process. The enthalpies of the two ternary compounds,
CaMgAli¢O27  and  Ca,MgyAl;304 were  optimized
assuming that reported temperatures in Figure 11 are 30° to
50° too high. With this provision, the complex phase
relations in the CaO-MgO-ALO; section are satisfactorily
reproduced.

Calculated liquidus isotherms of the CaO-MgO-Al,0,
system at 1550°, 1600° and 1650°C are compared with
experimental datal’"’? in Figure 12. Agreement is within
experimental error limits.

The CaAl,0,-MgAL O, phase diagram section reported
by Rao®! is compared with calculations in Figure 13.
Agreement is not good. Hallstedt™ observed similar
disagreement with his calculations. However, the
calculations are consistent with liquidus measurements of
other authors in the same composition range. Also, as can
be seen in Figure 13, extrapolation of Rao’s points to zero
wt% MgALO, gives a liquidus temperature which is much
higher than that obtained in the earlier!''! evaluation of the
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Ca0-Al,0; binary system in which all available binary data
were considered. Similarly, the phase diagram
measurements of Rao!®®! in the CaAl,0,-MgAlL)O, section
(up to 20 wt% MgAl,O,) are not well reproduced unless it
is assumed that excess Al,O; was present in the
experiments. This observation was also made by
Hallstedt.”!

Calculated iso-activity curves in CaO-MgO-Al,0,
liquid slags are shown in Figures 14 and 15. The
calculations are not in good agreement with the data of
Ohta and Suito,’! Hino et al." and Allibert et al!™
However, the disagreement among the different authors is
as great as their disagreement with the calculations. The
activities of CaO reported by Ohta and Suito were
calculated by Ohta and Suito from the measured
equilibrium concentration of Ca in molten Fe in
equilibrium with the slags, using their own assessed value
of the activity coefficient of Ca in Fe. However, this
activity coefficient is not well-known and could be in
serious error.

C. MgO-Al,05-Si0; System

1. Summary of Available Experimental Data

The liquidus projection of the MgO-AL05-Si0O; system
is shown in Figure 16. Greigl™ studied the liquid
miscibility gap using a quenching technique. Rankin and
Merwin!™ investigated the phase diagram mainly below
1550°C using a classical quenching technique. They
determined the primary phase regions of pyroxene,
forsterite, spinel, Al,O;, SiO, and the ternary cordierite
(Mg,A1,Si50,g) phase. The unstable sillimanite (Al;SiOs)
phase was observed instead of mullite at certain
compositions. Later, Schreyer and Schairer!””)
comprehensively investigated the phase equilibria related to
the ternary cordierite phase. Keith and Schairer”
investigated the tiny stability field of sapphirine using a
quenching technique. Aramaki and Roy' studied the
phase boundary between mullite and corundum using a
quenching technique with optical and XRD phase
identification.  Schlaudt and Roy®” investigated the
periclase (MgO) solid solution. Both Al,O; and SiO, were
reported to be soluble. However, in an earlier evaluation of
the MgO-SiO, system!'” it was concluded that the
solubility of SiO, in solid MgO is negligible. Onuma and
Arimal® investigated the solubilities of AI** in the MgSiO,
pyroxene phase using a technique of quenching with optical
and XRD phase analysis. They found that proto-enstatite
(MgSi0s) dissolves Mg-Tschermak MgA1,SiO¢ up to about
6 wt% at a pressure of 1 bar. Anastasiou and Seifert!®!
measured the solubility of ALQO; in ortho-enstatite at
pressures of 1 to 5 kbar using a quenching technique,
finding a nearly pressure-independent solubility of about 5
wt% near 1000°C.

Cordierite has two polymorphic forms. Low
temperature  cordierite has a completely ordered
orthorhombic structure (Cccm). It transforms to the high
temperature form with a hexagonal structure (P6/mmc) with
long range ordering of Al and Si at about 1450°C, before



melting at 1460°C. Cordierite exhibits a range of solid
solution, dissolving up to approximately 20 wt% of the
theoretical compound Mg-beryl (MgsA1,Si0,3).17¢7"#
Smart and Glasser™ reported very complex phase
equilibria involving the cordierite solid solution within a
very narrow range of composition and temperature. The
ternary sapphirine phase exhibits a very limited range of
solid solution over the composition range Mg,Al,.
Sig75:0s0 (1.5 < x < 5.6).8  These complexities of
cordierite and sapphirine were not considered in the present
study. For the sake of simplicity, only orthorhombic
cordierite was considered, and it and sapphirine were taken
to be stoichiometric ternary compounds. The formula of
sapphirine was assumed to be MgyAl(Si,0y; following
Osborn and Muan'® and Foster.*”)

Sub-solidus phase equilibria were investigated by
several authors(®>*>-%7] using a sintering technique and X-
ray phase determination. Smart and Glasser® and
Foster™® reported that the (sapphirine + corundum +
mullite) phase assemblage transformed to (spinel + mullite
+ corundum) above about 1460°C. Smart and Glasser'®®)
reported that the (sapphirine + cordierite + corundum)
phase assemblage transformed to (sapphirine + cordierite +
mullite) above about 1386°C. Sakai and Kawasaki'®” found
that the (MgSiO; + cordierite + spinel) phase assemblage
transformed to (Mg,SiO, + cordierite + spinel) at a
temperature between 1000° and 1050°C.

The thermodynamic properties of cordierite and
sapphirine have been measured. Weller and Kelley®®
measured the heat capacity of stoichiometric ordered
orthorhombic cordierite at low temperatures using adiabatic
calorimetry. Geiger and Voigtlander™® measured the heat
capacity of cordierite from 330K to 950K using differential
scanning calorimetry (DSC). The heat content of
stoichiometric cordierite was measured by Pankratz and
Kelly? and Muller et al.®" using calorimetry. No heat
capacity measurements for sapphirine (MgsAl;(Si,0,3)
have been reported. Carlu et al.’” measured enthalpies of
formation of 4MgO-5A1,052S10, sapphirine and
aluminous ortho-enstatite, (MgSiO)go(ALLOs)y,, from the
oxides at 970K using 2PbO-B,0; solution calorimetry. Roy
and Navrotsky'” measured the enthalpy of MgO-Al,0;-
SiO; glasses by 2PbO-B,0; solution calorimetry at 970K.
Courtial and Richet™ also measured the heat content of
MgO-AlL,0;-810; glasses. However, since both of these
experiments investigated the enthalpy of glasses rather than
of the molten slag, these data were not used in the present
optimizations.

Rein and Chipman™ investigated the activity of SiO,
in temmary liquid slags using the equilibria between slags
and Fe-Si-C alloys in graphite or SiC crucibles at 1600°C
under pure CO gas atmospheres. Henderson and Taylor!®®
determined the activity of SiO, in liquid slags at 1500°C
and 1550°C by measuring the equilibrium CO pressure for
the equilibrium: SiO, + C = SiC + 2CO.

[95]

2. Evaluation and Optimization
In the present optimization, three additional ternary
model parameters for the liquid slag (Table 1) and one
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additional model parameter Ayt (Table I) for the
pyroxene solutions were required to reproduce the available
data for the MgO-AL,0;-Si0; system.

The entropy and heat capacity of Mg,AlSisO;;
cordierite (Table I) were taken from Berman.”” Its
enthalpy of formation was altered by —9 kJ/mol from the
value recommended by Berman in order to best reproduce
the phase equilibrium data. The enthalpy of formation of
MgsAl;pSi,O;; sapphirine shown in Table I was optimized
in order to reproduce its reported primary crystallization
field. Its entropy and heat capacity were estimated as the
weighted averages of those of solid MgO, AlO; and SiO,.
The optimized enthalpy of formation of sapphirine from the
oxides is -188.2 kJ/mol at 970K which may be compared to
the reported -161.5 + 5 kJ/mol.*”!

The calculated liquidus projection is shown in Figure
16. The primary crystallization fields are plotted again in
Figure 17 along with data taken from several studies.!”
8871 1n general, the calculated cordierite phase field is
displaced to the left (towards the MgO-SiO, side) relative
to the measurements. This discrepancy can also be seen in
Table IV where the calculated invariant points are
compared with reported values from several studies.!’s78%%
Y1 The calculated and reported invariant temperatures are
generally in good agreement, but the calculated invariant
liquid compositions are generally shifted by a few wt% to
higher MgO and lower ALO; contents relative to the
measured compositions.

In Figure 17, it is seen that Rankin and Merwin!’®
observed spinel as the primary phase at two compositions
where the calculations predict MgO. However, small
amounts of MgO and MgAl,0, embedded in a glassy phase
are difficult to distinguish by optical microscopy.® The
calculated liquid miscibility gap extends to 11.5 wit% ALO;
at 1615°C. Greig!™ reported that the liquid miscibility gap
extends to 5 wt% ALO; at 1600°C. Such a rapid
disappearance of the miscibility gap with small additions of
ALOj; is surprising and is very difficult to reproduce with
the slag model. On the other hand, the measurements in
viscous high-Si0, slags are very difficult.

Calculated and measured liquidus temperatures are
compared in Table V. Agreement with the data of Rankin
and Merwin"® (from 1918) is reasonable.

The calculated phase diagrams for the cordierite-SiO,,
cordierite-MgAlL, Oy, and MgSiO;-MgAlLSiOy sections are
presented in Figures 18, 19 and 20. The calculated
diagrams agree with the experimental data!””*" within the
experimental error limits. The enthalpy of formation of
aluminous ortho-enstatite, (MgSiO3)g (AL, O1)o.1, from solid
MgO, SiO, and ALOj; is calculated as —22.5 kJ/mole at
970K which may be compared with the value of —29.3 +
0.6 kJ/mol measured by Charlu er al.l*?!

It was difficult to reproduce the sub-solidus phase
equilibria in this study. The phase assemblage of
(sapphirine + corundum + mullite) is calculated to
transform to (spinel + mullite + corundum) at 1366°C,
which is almost 100°C lower that the reported
temperature!®*!  The reported three-phase fields of
(sapphirine + cordierite + corundum)®® and (MgSiO; +



cordierite + spinel)’®” are never calculated to be stable.
This discrepancy may be partially due to the fact that solid
solubility in cordierite and sapphirine was ignored in the
present study.

Figure 21 shows calculated activities of SiO, (solid
cristobalite standard state) in MgO-Al,05-Si0, liquid slags
at 1500° 1550° and 1600°C along with reported values.
The discrepancy between the two experimental studies is
evident. The calculated activities are closer to the results of
Henderson and Taylor."!

In general, the difficulties encountered during
optimization of the Mg0-Al,05-SiO, system were greater
than with most other oxide systems which we have
evaluated/optimized. Some of the remaining discrepancies
may be due to our ignoring solid solubility in cordierite and
sapphirine.  On the other hand, there have been no
extensive phase diagram studies since 1918.17¢

1v. CONCLUSIONS

A complete critical evaluation of all available phase
diagram and thermodynamic data for the MgO-Al,0;, CaO-
MgO-AlLO; and MgO-Al,05-S10, systems has been carried
out, and a database of optimized model parameters has
been developed. A wide variety of available data is
reproduced within experimental error limits by a very few
model parameters. With the present optimized database, it
is possible to calculate any phase diagram section for all
compositions. The optimized parameters form part of the
F*A*C*T* database, with can be used together with the
FactSage!"”) software for thermodynamic modeling of
various industrial and natural processes.
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Table I. Optimized Model Parameters of the CaO-MgO-A1,0; and MgO-AL03-Si0; Systems (J/mol).

Ternary Compounds

Hyp s Sressand Cp
(J/mol) (J/mol-K)

Siosss= 3 Syonss (CaO)+ Syoq 1o (MOIH2 S5, 5 (ALO3)

Ca;MgALOy, -5971170.0
Cp= 3CHCa0)+Co(MgOI+2CALO;)

Sross= Sros1s (CaONT2 S5 (MgO)+8 555515 (ALOs)

CaMngll(,On -15438690.0
Cp= CHCa0)+2Co(MgO)+8CHALO:)

S;98.15 =2 S;9s.15 (Ca0O)+2 S;98.15 (MgO)+14 S;98.15 (ALO3)

Ca,MgyAlyg046 -26217079.9
Cp = 2Cp(CaO)+2 CP(MgO)+ 1 4CP(A1203)

7 go  =417.9700

298.15

Mg, Al,SisO -9167727.0
2SI s 7 €, = 954.39 — 370210000T - 2317300T2 - 7962.3T°"°

S;9&15 =4 S;98.15 (Mg0)+5 S;98.IS (A1203)+2 S2098.15 (Sio% tridymite)

Mg4A11()Si2023 -12790590.2 . . A
: Cp = 4Cp(MgO)+5 CP(A1203)+2 Cp(S]Oz, trldymlte)

Data for all other compounds were taken from Wu ez al.”} and Eriksson et al!®

Liquid Oxide: Ca0-MgO-AlO, 5 and MgO-AlO, 5-Si0O,

AZ g0 a0, = -31518.04
Qenonio,, = -225764.46 +66.72T
a8 o a0, = 80688.02

Tyreono,, = -48435.77

001
9 mgo, A10, ,(Si0,) ~ 104600.0

002
Do, si0,(Al0,) = 6239599 - 52.30T

001
N0, si0, (Mg0) = 250705.0 — 167.36T

All other model parameters for binary systems were reported earlier.”” '

The quasichemical parameters are defined in Reference [8].

Monoxide: MgO-CaO-AlO, 5

Gio,, =1/2G° (o~ Al,0,)+38702.0
Grao, ato,, = 1548080-1347.68T+0.286478T 2

Parameters for the MgO-CaO subsystem were obtained previously.
The polynomial g parameters are defined in Reference [12].

[9
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Spinel: (Mg?*, AI’")"[Mg*, AI’*, Va]; O,
GMA = GO(MgA]204):
H o 1s=-2304994.88

S s 15 = 80.00

Cp=795.470 — 0.33724T + 9.92769(10>)T 2 + 79789.79T ™' - 761956.61T * -14619.66T > (15 K < T < 3000
K)

Gan 1s from Reference [15]

Avama = Gaa + Gy~ Gua — Gam = 40000.0

Iva= Gaa+ Gam—2Gya = 21756.8 + 19.6648T

Ayamv = GMM + GAV_ GMV - GAM = -83680.00

Gav = 8G°(y-AL,O3) — 2RT(5In5-61n6) — 5G4 5, where

G°(y-ALO;) = G*(a-AL,05) +30000.0 — 12.500T

Notations M, A, and V are used for Mg%, AP’ and vacancy, respectively.

Pyroxene: (Mg)™?(Mg?*, A" )™ (AT, Si*")®(S)* O,
Gys are from Reference [18] for ortho-, proto-, and low clino-pyroxenes.
Gums + Gaa— Gas— Gua = 0.0
Gas = Gua

V]

Amg.rs= (GCOaMgSiZOG + GAA )- (G:Agzsizo(, + GCaMZSio6 )=15899.2
Lyaa = Lya: s are from Reference [20]
Notations M, A, and S are used for Mg?", AP’ and Si*", respectively.
18]

GgaMgSi206 and G&ngizos are from previous study by Jung et al.!

GgaAbSiO(, is from F*A*C*T ") database.
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Gibbs energies of the pure components of the solutions and of all binary stoichiometric compounds are taken from

the F*A*C*T!') database.
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Table 1. Comparison of calculated liquidus temperature and primary solid phase with experimentally determined
values®?! in the Ca0-MgO-ALO; system.

Composition (wt%)

Ca0 MgO ALO, Measured (°C) Calculated (°C)
55 3 42 1525-1500, C 1617, C
(54.3) 3) (42.7) - (1530)
54 3 43 1490-1480, C3A 1487, C
48 4 48 1385-1378, C3A 1327, C3MA2
51 6 43 1450-1435, C3A 1506, M
35.2 2.8 62 1560-1550, CA 1543, CA
45 3 52 1395-1390, CA 1383, CA
42 5 53 1390-1360, CA 1381, CA
37 10 53 1525-1500, Sp 1490, Sp
34 12 54 1610-1575, Sp 1554, Sp
51.5 8 40.5 1540-1500, M 1710, C
45 8 47 1500-1450, M 1501, M
43 8 49 1500-1450, M 1459, M
40 10 50 1535-1510,M 1518, M

Sp: Spinel, CiMjAk = iCa0Q-jMgQ-kAl, O,

Table III. Comparison of calculated ternary invariant points with experimental results in the CaO-MgO-Al,O; system.

bper - . Composition (mole %) Temperature
Equilibrium solid phases MgO Ca0 ALO, Q)
CaO +MgO + C3A: Per 8.2 62.9 28.9 1422 calc.
10.3 61.8 27.9 1450 + 5121
MgO + C3A + C3MA2: Per 8.3 59.7 32.0 1333 calc.
MgO + Sp + C3MAZ2: Per 11.1 53.6 353 1349 calc.
MgO + CA + C3MA2: Per 11.0 53.6 35.4 1350164
C3A + CA + C3MA2: Eu 4.9 60.6 34.5 1309 calc.
CA + Sp + C3IMAZ2: Per 9.9 53.7 36.4 1344 calc.
CA + CA2 + Sp: Per 7.4 42.8 49.8 1522 calc.
CA2 + Sp + CM2AS: Per 9.2 284 62.4 1690 calc.
CA2 + CM2A8 + C2M2A14: Per 6.6 27.2 66.2 1708 calc.
CA2 + CA6 + C2M2A14: Per 5.5 27.0 67.5 1714 calc.
Sp + CM2A8 + C2M2A14: Per 9.0 21.5 69.5 1758 calc.
CAG6 + Sp + C2M2A14: Per 8.4 20.8 70.8 1766 calc.
CA6 + Sp + ALOs: Per 8.2 20.0 71.8 1778 calc.

Sp: Spinel, CiMjAk = iCaOjMg0-kAl,O,
Eu: Eutectic, Per: Peritectic reaction.
calc.: calculated value from optimized phase diagram.
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Table IV. Comparison of calculated ternary invariant points with experimental results in the MgO-Al,0;-58i0; system.

gy s . Liquid Composition (wt%) Temperature
Equilibrium solid phases MzO ALO: Si0, °C)
Py + Tr + Cord: Eu 24.0 14.5 61.5 1361 calc.
203 18.3 61.4 1345 + 517
20.5 17.5 62 135617
1345 + 2130
For + Py + Cord: Eu 28.5 16.7 54.8 1371 calc.
25.0 21.0 54.0 1360 + 57
24.87 20.22 54.91 1364 + 2077
1360 + 268
For + Sp + Cord: Per 29.3 19.6 51.1 1381 calc.
25.7 22.8 51.5 1370 + 517
24.9 23.0 52.1 1380187
, 1373 + 2%
Mull + Tr + Cord: Per 10.3 23.6 66.1 1445 calc.
(Sil instead of Mull) , 10.0 23.5 66.5 1425 + 519
1443 + 5178
1444 + 2130
Sp + Sa + Cord: Per 22.4 279 49.6 1435 calc.
17.4 33.5 49.1 1453 + 578
1448 + 2189
19.0 33.7 473 1465 calc.
Sp + Mull + Sa: Per 16.9 36.8 46.3 1482 + 3081
1475
1469 + 2130
Mull + Sa + Cord: Per 18.9 32.6 48.5 1454 calc.
16.3 34.4 49.3 1460 + 578
1454 + 289
Cor + Sp + Mull: Per 16.1 46.4 37.5 1575 calc.
1560 % 1519
For + Per + Sp: Per 46.4 15.1 38.5 1645 calc.
56.0 16.0 28.0 1700 + 25078
Tr + Cris + Py: Per 303 6.3 63.4 1465 calc.
Tr + Cris + Mull: Per 93 23.2 67.5 1465 calc.
Sil + Sp + Cord: Per 16.1 34.8 49.1 1460 + 5179
Cor + Sp + Sil: Per 15.2 42.0 42.8 1575 + 5179

Tr: Tridymide (Si0,), Crist: Cristobalite (Si0;), Mu: Mullite (AlSi,O;3), Cor: Corundum (ALO;), Sp: Spinel
solution, Py: Pyroxene solution, For: Forsterite (Mg,SiO4), Cord: Cordierite (Mg,AlsSisOy5), Sa: Sapphirine
(MgyAl,0Si;053), Sil: Sillimanite (A1;SiOs). (Sillimanite is unstable)

Eu: Eutectic, Per: Peritectic reaction.

calc.: calculated value from optimized phase diagram.



Table V. Comparison of calculated liquidus temperature and primary solid phase with experimentally determined values

the MgO-AlL,05-Si0, system.

Composition (wt%)

MzO ALO, 50, Measured (°C) Calculated (°C)
17.5 42.5 40 1583-1570, Sp 1553, Sp
29 23 48 1450-1430, Sp 1448, Sp
20 30 50 1450-1435, Sp 1449, Cord
25 25 50 1410-1390, Sp 1423, Sp
26 23 51 1380-1376, Sp 1407, Cord
35 20 45 1555-1550, For 1497, Sp
35 15 50 1560-1530, For 1485, For
26 21 53 1375-1365, For 1402, Cord
27 18 55 1415-1390, For 1385, Cord
25 20 55 1375-1365, Py 1402, Cord
24 17 59 1383-1370, Py 1385, Cord
35 5 60 1515-1510, Py 1489, Py
21 18 61 1370-1360, Py 1398, Cord
25 12 63 1440-1420, Py 1413, Si0,
30 6 64 1500-1498, Py 1488, Si0,
25 11 64 1450-1425, Py 1446, Si0,
20 15 65 1455-1450, Si0, 1449, Si0,
11 22 67 1455-1435, Si0, 1461, Si0,
20 18 62 1355-1352, Si0, 1399, Cord
15 15 70 1530-1500, SiO, 1538, Si0,
16 34 50 1460-1457, Cord 1503, Mull
20 23 57 1400-1375, Cord 1434, Cord
‘18 30 52 1450-1425, Cord 1458, Cord
25 23 52 1370-1365, Cord 1413, Cord
20 25 55 1415-1400, Cord 1441, Cord
15 30 55 1460-1450, Cord 1470, Mull
23 20 57 1375-1350, Cord 1409, Cord
15 27 58 1450-1425, Cord 1458, Cord
20 20 60 1365-1340, Cord 1416, Cord
15 23 62 1425-1400, Cord 1443, Cord
11 23 66 1450-1440, Cord 1445, Si0,
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[76] in

Sp: Spinel, For: Forsterite(Mg,SiOy), Py: Pyroxene (MgSiO; solution), Cord: Cordierite (MgALSisO;s), Mull:

Mullite.
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Fig. 20 - Calculated phase diagram for the MgSiO;-MgALSiOy section. (For: forsterite, Sp: Spinel, Proto: proto-pyroxene,
Cord: cordierite, Sapp: sapphirine, L: liquid and Mull: mullite)



Fig. 21 - Calculated activities of SiO, (solid cristobalite standard state) in MgO-AlL O,
1550°C (c) 1600°C. Experimental points (a,b) from Henderson and Taylor®®
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-Si0; liquid slags. (a) 1500°C (b)
, and dotted lines (c) from Rein and Chipman."
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Thermodynamic Evaluation and Optimization of the MnO-
AlLO; and MnO-Al,0;-SiO, Systems and Applications to

Inclusion Engineering

IN-HO JUNG, YOUN-BAE KANG, SERGEI A. DECTEROV,

and ARTHUR D. PELTON

All available thermodynamic and phase diagram data are critically evaluated and optimized for the
liquid slag phase and for all solid phases at 1 bar pressure from 298K to above the liquidus
temperatures for the systems MnO-AlL,O; and MnO-ALQO;-SiO,, and a database of model
parameters is prepared. The Modified Quasichemical Model is used for the molten slag phase.
Calculations using the database are performed with applications to inclusion engineering for

Mn/Si killed steel.

I. INTRODUCTION

THE Mn0-AL05-Si0O, ternary system is of interest
for inclusion control in Mn/Si-killed steel. Mn/Si complex
deoxidation 1s indispensable for the production of high
value steel such as tire-cord steel and high-Ni steel (Fe-
36%Ni Invar steel) in order to avoid the harmful effects of
solid Al,O; inclusions formed during Al deoxidation. AL, O3
inclusions usually cause wire breakage during tire-cord
production where inclusions should be deformable during
the wire-making process. Therefore Mn/Si deoxidation,
which results in MnO-SiO,-(AlL,O;) inclusions of low
melting temperature, is usually preferred. In order to
control inclusions precisely, inclusion engineering, based
on the thermodynamic relations between inclusions and
liquid steel, should be carried out during the secondary
refining stage in the ladle and tundish.

In the present study, a thermodynamic database of
model parameters for the MnO-ALO;-SiO; system has
been developed by evaluation/optimization of all available
thermodynamic and phase diagram data. This database,
together with the previously developed database for molten
steels can be used to perform calculations of importance to
inclusion engineering.

II. THERMODYNAMIC OPTIMIZATION

In a thermodynamic “optimization” of a system, all
available thermodynamic and phase-equilibrium data are
evaluated simultaneously in order to obtain one set of
model equations for the Gibbs energies of all phases as
functions of temperature and composition. From these
equations, all of the thermodynamic properties and the
phase diagrams can be back-calculated. In this way, all the
data are rendered self-consistent and consistent with
thermodynamic principles. Thermodynamic property data,
such as activity data, can aid in the evaluation of the phase
diagram, and phase diagram measurements can be used to
deduce thermodynamic properties. Discrepancies in the
available data can often be resolved, and interpolations and
extrapolations can be made in a thermodynamically correct
manner. A small set of model parameters is obtained. This
is ideal for computer storage and calculation of properties
and phase diagrams.

The first step is to optimize the binary subsystems. In
the second step, the models are used to predict the
thermodynamic properties of ternary solutions from the
optimized binary model parameters. The predictions are
compared with measured ternary properties and phase
diagrams, and small optimized ternary model parameters
are added if necessary. Finally, from the optimized binary
and ternary parameters, thermodynamic properties and
phase diagrams of multicomponent systems can be
predicted.

Several hundred oxide, salt, alloy, and other systems
have been systematically optimized in this way in order to
develop the present large database of the FACT! computer
system. A few examples of optimizations of oxide systems
are given in references [2-11].

For the molten oxide (slag) phase, the Modified
Quasichemical Model''*'*) has been used. This model has
been recently summarized.l'"*'”!  Short-range-ordering is
taken into account by considering second-nearest-neighbor



pair exchange reactions. For example, for MnO-AlOs-
SiO, slags these reactions are:

(Mn-Mn) + (Si-Si) = 2(Mn-Si): 48 s | 1]
(Mn-Mn) + (AL-Al) = 2(Mn-Al): Agya [2]
(AL-Al) + (Si-Si) = 2(Al-Si): 4g s (3]

where (A-A) represents a second-nearest-neighbor pair.
The parameters of the model are the Gibbs energies Ag ,p

of these reactions, which may be expanded as empirical
functions of composition.

A. MnO-Si0; and Al,05-SiO, Systems

These systems were optimized previously.””'” Phase
diagrams calculated from the optimized parameters are
shown in Figures 1 and 2. In the evaluations/optimizations,
all available phase diagram data from several sources,
metastable phase equilibrium data, data on the Gibbs
energies of all compounds, and measured activities of MnO
in the MnO-SiO, slags were simultancously taken into
account. The optimized binary model parameters as well as
optimized expressions for the Gibbs energies of all
compounds are given in references [7,10] along with the
“coordination numbers” of Mn, Si and Al used in the
Modified Quasichemical Model for the slags, and the
optimized model parameters for the non-stoichiometric
mullite solid solution.

The quasichemical parameter Ag,, o for the MnO-

SiO, slag phase is very negative, indicating a strong
tendency to short-range-ordering in this solution.

B. MnO-41,0; System

The calculated phase diagram (back-calculated from
the optimized parameters) is shown in Figure 3 along with
selected experimental points of Jacob!'® and Olsen and
Heynert.!'"") The earliest reported phase diagram of Hay et
al™® s not in agreement with subsequent measurements,
probably because the O, pressure was not sufficiently low.

Olsen and Heynert'” obtained their liquidus
measurements by equilibrating metal-saturated oxide melts
with AL,O; crucibles followed by quenching and analysis.
They state that their melts may have contained up to 20 %
FeO. They report eutectic and peritectic temperatures of
1520°C and 1720°C measured by a calorimetric technique;
however no experimental details are given.

Jacob!'® measured the liquidus températures shown on
Figure 3 at 1600°C and 1650°C by equilibration under
controlled oxygen pressures of 107 to 107 bar, followed by
quenching and electron microprobe analysis. These same
experiments showed approximately 1 % solubility of AL,O,
in solid MnO and no solubility of MnO in MnAlLO,. In
similar experiments, Jacob heated Mn and MnO in sealed
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AlL,O; crucibles at 1600°C and 1650°C, followed by
quenching and electron microprobe analysis. A solubility
of MnO in Al,O; of approximately 1 % and a solubility of
ALO; in MnAlLO, of approximately 3 % were observed.

The invariant temperatures and the melting points of
pure MnO, Al,O5 and MnALO, were measured by Jacob!'9
by examination, either visual or under an optical
microscope, of pellets quenched from high temperature
under purified Ar. He reported that MnAlLO, melts
congruently at 1850°C and hence that the invariant shown
at 1769°C in Figure 3 is actually a eutectic. Furthermore,
he claims to have determined the eutectic composition by
electron microprobe analysis of the liquid phase in samples
heat treated about 10°C above this temperature. However,
he does not report this measured composition.

In an earlier study, Novokhatskii et al.'"” performed
similar measurements of the melting points of the pure
compounds and of the invariant temperatures by observing
the softening of pyrometric cones. Like Jacob, they report
MnAL O, to melt congruently at 1850°C, with eutectic
temperatures at 1520°C and 1770°C. Eutectic compositions
were also reported from observations of the relative
amounts of the phases present in samples held for 6 to 10
minutes above the eutectic temperatures and then
quenched.

Finally, from the constancy of their X-ray diffraction
patterns, Novokhatskii et al™! confirmed that ALO; and
MnAl,0, exhibit virtually no mutual solid solubility.

Although the results of both Jacob and Novokhatskii et
al. point to the congruent melting of MnALQ,, it was
impossible to reconcile this melting behavior with the
available thermodynamic data for this system as will be
discussed below.

As shown in Figure 4, many independent
measurements have been made of the Gibbs energy of
formation of MnALO,. Jacob!'¥ equilibrated mixtures of
MnALO, and Al,O; with Pt foil under fixed oxygen partial
pressures and then measured the Mn content of the Pt
From the known activity coefficients of Mn in Pt-Mn solid
solutions, the Gibbs energy of MnAl,O4 could thereby be
calculated. Zhao et al.* performed similar measurements
using molten Ag-Mn solutions rather than Pt-Mn solutions.

Lenev and Novokhatskii®') measured PHZO/ PHz ratios in

equilibrium  with  MnALOJ/ALOs/Mn(liq)  mixtures.
Dimitrov et all? equilibrated liquid Fe with a crucible

made of ALO; and MnAl Oy, measuring PO2 with a solid

electrolyte probe. From the measured Mn content of the Fe
and the known activity coefficient of Mn in Fe, the Gibbs
energy of MnALQ, could thereby by determined. Kim and
McLean?! equilibrated liquid Fe and Al,O; with an
MnAlLO,-FeAl, O, solid solution and measured the Mn and
O contents of the liquid Fe. The Gibbs energy of MnALO,
was then calculated under the assumption that the
MnAILOs-FeAlLO; spinel is an ideal solution. Finally,
Timucin and Muan®¥ equilibrated MnO-NiO and NiALOy4-

MnALO, solid solutions with Ni under controlled F, .
thereby fixing the NiO activity. By making measurements



over a range of compositions and using a ternary Gibbs-
Duhem integration technique, they determined the Gibbs
energy of MnAL,O,. As can be seen from Figure 4, the
various measurements are all in reasonable agreement. The
curve given in the compilation of Barin® (which was
taken from an earlier estimatel) is also shown in Figure 4.

Jacob!"® also measured the activity of MnO across the
entire composition range at 1600°C and 1650°C by
equilibrating the mixtures with Pt-Mn foils under controlled

Poz- Results are shown in Figure 5 along with earlier

27 who used an

measurements of Sharma and Richardson
identical technique.

All these data (phase diagrams, Gibbs energies of
MnALQO,, activities of MnQO) were treated in a
simultaneous least-squares optimization. The optimized
expression for the Gibbs energy of MnAlLO, is given in
Table 1. Its heat capacity was assumed to be the weighted
sum of the heat capacities of MnO and ALO;. The
quasichemical model was used for the liquid phase with the

same “coordination numbers” Z,; . and Z,;,, as were

used previously”’m] for the MnO-SiO; and ALO;-Si0,
systems. The optimized expression for the parameter

Ag yaa; 1s given in Table I. In this expression, Y AIO, 5 is

the “coordination equivalent mole fraction” of AlO;s as
defined in reference [15]. Note that no temperature-
dependent terms were required. Solid MnO, ALO; and
MnAlLQO, were assumed to be stoichiometric compounds.
The phase diagram, Gibbs energy of MnALO, and activity
of MnO, back-calculated from the optimized parameters,
are shown in Figures 3 to 5.

It was impossible to obtain a calculated congruent
melting of MnAlL,O4 with any reasonable set of parameters
for the liquid phase. Essentially, from the reported Gibbs
energy of formation of MnALQO, and the activities of MnO
in the liquid, an incongruent melting of MnAlLO, near
1769°C is predicted, and this is also consistent with the
liquidus measurements. This result is independent of any
assumptions of the model or of the assumed Gibbs energy
of fusion of Al;Os;. It is noteworthy that the predicted
peritectic temperature is very close to the “eutectic”
temperatures reported by Jacob!® and Novokhatskii et
al ') and that the “congruent melting point” of 1850°C
reported by these authors lies very close to the predicted
Al O;-liquidus as can be seen in Figure 3.

In order to obtain a calculated congruent melting of
MnALQO;, near 1850°C, it would be necessary to decrease its
Gibbs energy of formation by ~ 40 kJ. As can be seen from
Figure 4, such a large change is far outside the
experimental error limits of the many independent
measurements of this quantity. (In an earlier™
optimization of this system, in which a congruent melting
of MnAlL,O; was calculated, the Gibbs energy curve of
Barin® was used. As can be seen from Figure 4, this
curve lies, coincidentally, ~ 40 kJ below the present
optimized curve.) Finally, the optimization of the MnO-
Si0,-ALO; ternary system (Section II. C) is consistent with
the present binary optimization.
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We thus conclude that Jacob and Novokhatskii et al.
probably erred in assigning congruent melting behavior to
MnALO,. Nevertheless, this part of the phase diagram is
shown by dashed lines in Figure 3 in order to indicate that
this region should be re-investigated.

C. Mn0-41,05-Si0; System

The calculated temary liquidus surface (back-
calculated from the optimized parameters) is shown in
Figure 6.

Snow'””! observed two ternary compounds in this
system, spessartite (Mn;AlSi;0y;) and Mn-cordierite
(Mn,Al,SisOyg), which are isostructural with pyrope
(Mg3A1,S1;0;,) and cordierite (Mg,ALSis04)
respectively.m] Roghani et alP% from EPMA
compositional analysis, reported spessartite and, rather than
Mn-cordierite, a compound MnALSi;0s. The composition
of this compound is very close to that of Mn-cordierite and,
to our knowledge, no compound similar to MnAI1,Si,O4 has
been reported in other systems. Therefore in the present
study we show spessartite and Mn-cordierite as the two
ternary compounds in the MnO-ALQO;-SiO, system. It is
known®'! that the heat capacities and standard entropies

[29]

S;’gg of pyrope and cordierite are very nearly equal to the

weighted sums of Cp and Sy, of MgO, SiO; and ALO;.
Hence, this approximation was used to estimate Cp and

Shes Of spessartite and Mn-cordierite as shown in Table L.

The values of Hggg shown in Table I were then obtained

by optimization to reproduce the ternary experimental data
as discussed below. In the absence of any evidence to the
contrary, all compounds were assumed to be stoichiometric
except for the small non-stoichiometry of mullite as shown
on Figures 2 and 6.

The Gibbs energy surface of the ternary liquid solution
was calculated with the quasichemical model using the
“asymmetric approximation” (see reference [ 14]) with SiO,
taken as “acidic” and MnO and ALO; taken as “basic”,
using the optimized parameters of the three binary
subsystems and the two small ternary parameters shown in
Table 1. The values of these ternary parameters were
optimized using the available ternary data as discussed
below. It may be noted that these two parameters are very
close to the ternary parameters which were found"” to give
the best optimization of the Ca0-AL,05-SiO; liquid phase.

An extensive study of the central region of the ternary
phase diagram was carried out by Snow!™! using a
technique of equilibration under purified N;, quenching and
optical examination and very recently by Roghani et al P%
using an equilibration technique with Mn-Si alloy
saturation followed by quenching and optical and EPMA
analysis. Chemical analysis by Snow showed the Mn**
content to be negligible. Two major differences can be
found between the studies of Snow and Roghani et al.
Firstly, Snow reported spessartite to melt congruently at
1200 + 5°C with a relatively wide primary crystallization



region, while Roghani ef al. reported peritectic melting of
spessartite with a very small primary crystallization region;
Roghani et al. reported liquidus temperatures below
1100°C, with rhodonite as the primary phase in the central
composition region where Snow reported spessartite to be
the primary phase. The lowest liquidus temperature
reported by Snow was 1140°C. Secondly, Roghani et al.
reported a much wider primary phase field of corundum
(AL, O,) at lower temperatures than did Snow. Figure 7
shows all compositions at which Snow!”) unambiguously
identified the primary solid phase, along with similar
determinations of Roghani et al., superimposed on the
calculated phase diagram. It can be seen that Smow
identified spessartite as the primary solid at several
compositions where Roghani et al. reported rhodonite, and
that Snow identified mullite at several compositions where
Roghani et al. reported corundum.

In the present study we calculate that spessartite melts
at 1200°C, the melting behavior being just at the border
between congruent and incongruent. The calculated
primary phase field of spessartite is slightly smaller than
that reported by Snow. Similarly, the calculated primary
phase field of corundum is closer in shape to that reported
by Snow; the calculations are in agreement with Snow
except for four points at which he reported a primary
corundum phase while the calculations show muilite
(although two of these points are in conflict with another
point at which Snow reported mullite in agreement with the
calculations.)

The calculations were performed using only the binary
model parameters with two small ternary parameters.
Many more and much larger ternary terms would be
required to reproduce the wide corundum primary phase
field reported by Roghani et al. Furthermore, the simple
model calculations give the ternary invariant points which
are listed in Table II along with the values reported by
Snow, and these are in agreement within experimental
uncertainty in all cases. (The calculations also show four
saddle points at 1138° 1144°, 1157° and 1200°C as shown
on Figure 6). In Snow’s studies, the samples were first
heated well into the single-phase liquid region before being
equilibrated at the experimental temperatures, whereas
Roghani et al. first heated their samples to 50° above the
final equilibration temperatures. Possibly some unmelted
nuclei of rhodonite or corundum remained in the samples of
Roghani et al., and nucleation of spessartite or mullite did
not occur.

Although we have favored the primary phase field
identifications of Snow, in the optimization we accorded
more weight to the actual liquidus temperatures reported by
Roghani et al. since their technique of using EPMA to
measure the compositions of equilibrated phases is
expected to be more accurate than the classical quenching
technique employed by Snow. Liquidus temperatures
reported by the two authors often differ by over 80°C,
particularly in the galaxite and mullite phase fields where
the liquidus temperatures reported by Roghani et al. are
higher. Liquidus points reported by Roghani et al. between
1200° and 1500°C are shown on Figure 8. Liquidus points
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at 1550°, 1580° and 1600°C, measured by Fujisawa and
Sakao,”*? Sakao,™ Ohta and Suito™* and Kang and Lee®
from analysis of melts equilibrated with Fe in ALO;
crucibles are also shown on Figure 8; the melts contamed
less than 3 % FeO which was included (on a molar basis)
with MnO when the experimental points were plotted on
Figure 8; the saturated solid phases were not identified in
the experiments.

The dashed line on Figure 8 is the calculated
metastable extension of the 1300°C isotherm for corundum
saturation. It can be seen that this curve passes almost
exactly through the experimental liquidus points at 1300°C
which were reported by Roghani et al. to be in the
corundum primary phase region. Similarly, the calculated
metastable extensions of the 1400° and 1500°C isotherms
for AL, O;-saturation pass also almost exactly through the
experimental points of these authors. This observation
supports the contention that Roghani et a/. may actually
have measured the metastable corundum liquidus in this
composition region.

As can be seen from Figure 8, the agreement between
the calculations and reliable liquidus measurements is
within the limits of experimental uncertainty.

Sharma and Richardson® and Woo and Lee
measured MnO activities in the slags at 1650°C and 1550°C
respectively by equilibration with Pt-Mn foils under
controlled oxygen partial pressures. Their results are
compared with the calculated activities in Figures 9 to 11.
Agreement is well within the experimental error limits.

Fujisawa and Sakao"”! and Ohta and Suito® measured
MnO and SiO, activities at mullite- and Al,Os-saturation by
equilibrating the melts with liquid Fe in Al,O; crucibles,
followed by quenching and analysis of the Fe for dissolved
Mn, Si and Q. From the known activity coefficients of
these elements in molten Fe, the activities of MnO and SiO,
could then be calculated. The melts contained from 1 to 5
% FeO. Only those points where the reported FeO content
was less than 3 % are plotted on Figures 11 and 12. In the
calculations, the FeO was included (on a molar basis) with
the MnO. Agreement with the calculations is within
experimental uncertainty in view of the large error limits
inherent in this experimental technique.

Calculated iso-activity curves of SiO, and AL,Os in the
melts at 1600°C are shown in Figures 13 and 14.

HI. APPLICATIONS TO INCLUSION
ENGINEERING

Control of inclusions is important in the production of
high quality steels such as tire-cord steel. In order to
control  the inclusion  compositions  accurately,
thermodynamic information for both inclusions and liquid
steel is needed. Calculations based on accurate
thermodynamic databases can give very useful information
such as the variation of inclusion composition with Mn/Si
ratio in Mn/Si killed liquid steel and the evolution of the
inclusions with decreasing temperature.



Recently®”! we developed a thermodynamic model and

database for molten steel in which the interactions of strong
deoxidants M (such as M = Al, Ca, Mg,...) with dissolved
oxygen are modeled by explicitly considering the formation
of M*Q associates or “molecules” in solution. This model
has been shown”! to have excellent predictive capability
over wide ranges of temperature and composition. By using
this molten steel database with the present database for the
oxides, many calculations of importance to inclusion
engineering can be made.

Ohta and Suito” and Kang and Lee™” equilibrated
molten steel containing Mn and Si with molten oxide and,
simultaneously, with either solid Al,O; or mullite at 1550°
and 1600°C. Equilibrium slag and metal compositions
were measured. Results are shown in Figures 15 and 16.
The small (< 3 %) measured FeO contents of the slag were
included (on a molar basis) with MnO when the
experimental points were plotted on the figure.

In Figure 15 the reported slag compositions at 1600°C
are shown along with the calculated liquidus. Also shown
on Figure 15 are the measured Mn/Si ratios in the steel at
each experimental point as well as iso-Mn/Si lines
calculated from the models. It can be seen that the points
all lie very close to the calculated phase boundaries and that
the calculated Mn/Si ratios agree with the measured rattos
within the experimental error limits.

In Figure 16 the measured oxygen contents of the steel
are plotted as functions of the Mn/Si ratio in the steel and
are compared to the curves calculated from the models.
Fujisawa and Sakao>*® performed similar measurements
at 1550° and 1535°C; these are also plotted on Figure 16.
The experimental results exhibit a large amount of scatter.
Agreement between the measurements and the calculations
is within the experimental error limits.

The calculated 1200°C liquidus is superimposed upon
the diagrams in Figure 15. In order that the inclusions
remain liquid at the rolling temperature of 1200°C, it is
necessary that the compositions of the inclusions lie inside
the 1200°C isotherm. As can be seen from Figs. 15a to 15¢,
the positions of the iso-Mn/Si lines are nearly independent
of the total (Mn + Si) content. Furthermore, the calculated
positions of these lines at 1550°C (which is near the
solidification temperature of the steel) are nearly the same
as at 1600°C. Thus is can be seen from Figure 15 that the
Mn/Si weight ratio of the steel should be controlled to
within the approximate limits: 1 <Mn/Si < 10.

IV. CONCLUSIONS

A complete critical evaluation and optimization of all
available phase diagram and thermodynamic data for the
MnO-ALO;-Si0; system has been made, and a database of
model parameters has been prepared. All data are
reproduced within experimental error limits. Together with
the model and database for molten steel®” and the
FactSage software!'! for Gibbs energy minimization,
thermodynamic calculations have been performed to
demonstrate the application to inclusion control of Mn/Si

228

deoxidized steel. The calculated results are in good
agreement with experimental data, showing that the
thermodynamic databases can be a useful tool in predicting
equilibria of interest in inclusion engineering. Future
developments include integrating this database with the
present!!  Si0,-Ca0-MgO-ALO;-FeO-Fe,05-TiO-TiO-
CrO-Cr,05-S database, thereby increasing the range of
applicability.
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Table I. Optimized Thermodynamic Properties of Compounds Relative to Elements at 298.15 K and Optimized Model
Parameters for Liquid Slag.

Phase Temperature H ‘2’98_ 15K Soes 15 Cp
range (K) J/mol J/mol-K J/mol-K
MnAl, O, (s) 298-2042 -2084283.0 113.363 Cp(MnO(s)) + Cp(AL05(s))

S308.15 =3 S20.15 MO(S))+ S0g 15 (ALOs($)1+3 Sgq 15 (SiO(tr))
Cp=3Cp(MnO(s))+Cp(AL,05(s))+ 3Cp(Si0x(tr))
8398 15 =2 Sggg 15 (MnO(s))+2 8298 15 (ALOs(s))+5 S(2)98.15 (SiOy(tr))

Cp=2 Cp(MnO(s)+2Cp{ALO;(s)H+S5Cp(SiOy(tr))
Data for all other compounds were taken from Eriksson et al " and Eriksson and Pelton.

Mn;ALLSi;04; (5) 298-1475 -5659394.5

Mn,ALSisOs (s)  298-1453  -8743256.0

MnO-Al,O5 binary system
AgMnA1 =-6426.79 - 35761.1 YAlol S +62222.3 YA610‘5 (J/mol)

MnO-Al,03-S10, ternary system

002 001
Damsican = 41840, G yi5i0mn) = 37656 (J/mol)

Binary parameters for MnO-Si0, and A1,O;-SiO; were taken from Erlksson et al.”) and Eriksson and Pelton!'"!

respectively.
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Table II. Comparison of calculated ternary invariant points (not in parentheses) with reported values of Snow!™! (in
parentheses).

Composition {(wt%)

Equilibrium solid phases Temperature (°C)

MnO A1203 Sloz

Sp + Tr + Mn-Cord: Eutectic 33.3(30) 17.3(19) 49.4 (51) 1143 (1140 + 10)
Tr + Mu + Mn-Cord: Peritectic 29.7 24) 19.4 (23) 50.9 (53) 1180 (1200 + 10)
(Sp + Cor + Ga: Peritectic) (40) (24) (36) (1190 £ 5)
Ga + Mu + Sp: Peritectic 39.5 22.0 38.5 1194

Rh + Tr + Sp: Eutectic 414 (38) 11.4 (13) 47.2 (49) 1119 (1140 £ 10)
Rh + Sp + Te: Eutectic 51.2 (50) 9.6 (11) 39.2 (39) 1135 (1160 £ 10)
Te + Sp + Ga: Eutectic 53.5 13.8 327 1156

Te + MnO + Ga: Peritectic 64.7 11.1 24.2 1239

Sp + Mu + Mn-Cord: Peritectic 34.6 19.7 45.7 1166

(Sp + Cor + Mn-Cord: Peritectic) (33) 24) (43) (1162 +5)
(Mu + Cor + Mn-Cord: Peritectic) (32) (25) (43) (1168 +5)
Cor + Ga + Mu: Peritectic 39.2 224 38.4 1249

Tr: Tridymide (SiO,)

Mu: Mullite (A168i2013)

Cor: Corundum (Al,0,)

Sp: Spessartite (Mn3A1,Si;04,)
Mn-Cord: Mn-Cordierite (Mn,A1,Sis0,5)
Rh: Rhodonite (MnSiOs)

Ga: Galaxite (MnAl,O,4)

Te: Tephroite (Mn,SiOy)

MnO: MnO
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Fig. 16 — Calculated oxygen content versus dissolved Mn/Si weight ratio at various total dissolved (Mn + Si) contents in
liquid Fe in equilibrium with liquid MnO-A1,0;-SiO, inclusions saturated with MnAlL,O,4, Al,Os, or mullite at 1600°C (Fig,
16 a), 1550°C (Fig. 16 b) and 1535°C (Fig. 16 ¢).
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INTRODUCTION

Mn/Si complex deoxidation is indispensable for the production of high value steel
such as tire-cord steel and high-Ni steel (Fe-36%Ni Invar steel) in order to avoid the
harmful effect of solid Al,O3 inclusions formed during Al deoxidation. Al,Os inclusions
usually cause wire breakage during tire-cord production. High-Ni steel is rolled to a thin
sheet (150 pum thickness) for electronic materials such as IC lead frame and shadow
mask; Al,O; inclusions are particularly detrimental to the quality of the thin sheet.
Inclusions in these steels should be deformable during the wire-making or rolling
process. Therefore Mn/Si deoxidation, which results in inclusions of low melting
temperature, is usually preferred. In order to control inclusions precisely, inclusion
engineering, based on the thermodynamic relations between inclusions and liquid steel,
should be carried out during the secondary refining stage in the ladle and tundish.

The MnO-Al,0;-Si0; ternary system is of great interest for inclusion control in
Mn/Si-killed steel. Moreover, inclusions can react with CaO-containing top slag in the
ladle, resulting in quaternary CaO-MnO-Al,05-SiO; inclusions. To control inclusion
composition accurately, the equilibria between inclusions and liquid steel should be
investigated comprehensively. Therefore, our two research groups have begun a
collaborative project aimed at improving the cleanliness of Mn/Si-killed steel. The
project involves both experimentation and thermodynamic database development.

Some of the results from this project will be presented in this article. The
thermodynamic properties of the CaO-MnO-Al;03-SiO, quaternary system were
critically evaluated and optimized over the entire composition range at temperatures from
298 K to 3000 K. The results of the optimization are presented and compared with
experimental data. The optimized oxide database was stored in the FactSage computing
system (1) and thermodynamic equilibria between liquid steel and inclusions were
calculated. Useful information for inclusion control in Mn/Si-killed tire-cord steel and
Fe-36%Ni Invar steel was derived from these calculations.

THERMODYNAMIC OPTIMIZATION

Based on a proper thermodynamic model for every phase of a given system, all
available thermodynamic and phase equilibrium data for the system are evaluated
simultaneously in order to obtain one set of model equations for the Gibbs energies of all
phases as functions of temperature and composition. In this way, all data are rendered
self-consistent, any discrepancies in the data can often be resolved, and the data can be
properly interpolated and extrapolated. The resulting database of model parameters can
be used for calculating phase equilibria and thermodynamic properties using Gibbs
energy minimization software.
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In this study, the liquid slag is modeled by the modified quasichemical model (2),
and solid solutions are described by a polynomial expansion for the excess Gibbs
energies using a one- or two-sublattice Compound Energy Formalism (3) depending
upon the crystal structure of the solid solution. Thermodynamic data for pure compounds
were taken from the FactSage thermodynamic database (1) except for some newly
evaluated compounds discussed later. Full details of the optimizations and the optimized
model parameters will be published elsewhere (4-5).

MnO-ALO; binary system

The previous optimization of this system (6) was based upon the recommended
data of Barin (7) for MnAl,O4 and does not satisfactorily reproduce recent measurements
of the properties of MnAl,O4 nor of MnO activities. During the present re-optimization,
the thermodynamic properties of the MnAl,O4 (galaxite) spinel phase were re-evaluated.
Although MnALO,s spinel exists over a narrow range of composition, it was
approximated in the present study as a stoichiometric compound.

Several investigations (8-12) have been performed to determine the Gibbs energy
of MnAL,O, as shown in Figure 1(a). As can be seen, the recommended values from the
compilation by Barin (7) differ from the measurements by more than 40 kJ. Activities of
MnO(solid) measured by Sharma and Richardson (13) and Jacob (14) using gas/slag/Pt
equilibration techniques are shown in Figure 1(b).

There is still disagreement about the melting behavior of MnAl,0,. Hay et al.
(15) reported that MnAl,O4 melts incongruently at 1560°C. However, Novokhatskii et al.
(16) and Jacob (14) observed a congruent melting point of MnAl,O4 at about 1850°C by
indirect methods. Oelsen and Heynert (17) reported incongruent peritectic melting of
MnALO4 at 1720°C which is close to the eutectic temperature reported at high AlO;
concentrations by Jacob(1760+15°C) and Novokhatskii et al.(1770+20°C)

By simultaneous optimization of all data, we found that peritectic melting of
MnAl,O4 is thermodynamically more consistent with the phase diagram, the MnO
activities and the Gibbs energy of MnAL,O4. As can be seen in Figures 1(a)-(c), all
experimental data for MnO activities, the phase diagram and the Gibbs energy of
MnAl,O4 are well reproduced within experimental error limits. Only three temperature-
independent model parameters (of the quasichemical model) were required for the liquid
slag.

MnO-ALOs-SiO; ternary system

The MnO-S10; (18) and Al,05-Si0; (19) systems were optimized previously. The
quasichemical model was used to estimate the properties of the ternary MnO-Al,0;-SiO,
liquid slag from the optimized parameters of the three binary sub-systems. One small
optimized ternary parameter was then included in order to reproduce the reported phase
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diagram and thermodynamic data in the ternary system. Since no thermodynamic
properties of Mn3ALSi30;,(spessartite) or Mn;AlsSisO1g(Mn-cordierite) have been
reported, the enthalpy and entropy of formations of these ternary compounds were also
obtained from the ternary optimization; their heat capacities being estimated as the
weighted average of those of MnO, SiO; and Al,O;.
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Figure 1. MnO-Al,0; binary system. All curves are calculated from the optimizations.
(a) Gibbs energy of formation of MnAl,O4 from solid MnO and Al,Os. (b) Activity of
MnO(solid) at 1600°C and 1650°C. (¢) Optimized phase diagram.
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Snow (20) investigated the primary crystallization regions in this ternary system
below 1300°C using a quenching technique followed by X-ray and optical analysis. The
calculated optimized ternary phase diagram is shown in Figure 2 along with the phase
diagram proposed by Muan and Osborn (21) based on the experiments of Snow (20) and
Hay et al (15). Since we optimized the MnO-AlL,0; system (Figure 1(c)) based upon the
results of Oelsen and Heynert (17) who reported a higher incongruent melting point than
did Hay et al. (15), the MnALO, (galaxite) primary crystallization region in the
optimized ternary diagram is much wider than in the diagram of Muan and Osborn 20).
Otherwise, Figures 2(a) and 2(b) are in good agreement. Liquidus measurement near
1600°C by Sakao (22), Fujisawa and Sakao (23) and Ohta and Suito (24) were also taken
into account in the optimization.

Sharma and Richardson (13) measured activities of MnO in MnO-A1,03-SiO,
liquid slags at 1650°C using a gas/slag/Pt equilibration technique. Similar measurements
were made at 1550°C using the same technique as part of the current project (25). The
calculated optimized iso-activity lines of MnO are in good agreement with the measured
points as shown in Figure 3.
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Figure 2. Phase diagram of the MnO-A1,05-SiO; system (a) from Muan and Osborn (21)
(b) Optimized (calculated) phase diagram (T = °C)
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Figure 3. Activities of MnO(solid) in MnO-Al,0;-Si0; liquid slags. (a) T = 1650°C, (b)
T = 1550°C (Curves are calculated from the optimization)

Ca0-MnO-SiO; ternary system

The CaO-MnO-SiO; system exhibits two pseudo-binary joins: the Ca;SiOs-
Mn,SiO; orthosilicate section, and the CaSiO3;-MnSiO; metasilicate section. In the
orthosilicate section, three solid solutions, a-Ca,SiO4, a'-Ca;SiO4 and olivine, exist at
sub-solidus temperatures. The «-Ca,SiO4 and a'-Ca,SiO4 solutions dissolve Mn;SiOs.
These were modeled simply as solutions between a (or a')-Ca;SiO4 and metastable
Mn;,SiO4, with polynomial expansions for the excess Gibbs energies. Since olivine has
two distinct cation sublattices, it was modeled by a two-sublattice Compound Energy
Formalism (3) taking into account the distribution of Ca®* and Mn®* cations between
sublattices. In the metasilicate section are found the wollastonite and rhodonite solid
solution phases, both of which have a linear chain silicate structure. They were described
with simple polynomial expansions for the excess Gibbs energies. The thermodynamic
properties of the ternary liquid slag were estimated by the quasichemical model from the
previously optimized parameters (18, 26) of the binary sub-systems. One small additional
ternary parameter was included in order to reproduce the reported phase diagram and
activities of MnO in the ternary system more accurately.

The calculated optimized phase diagram is shown in Figure 4(b). It is very similar
to the diagram experimentally determined by Glasser (27) (Figure 4(a)), but is
thermodynamically more consistent. As shown in Figures 5(a) and (b), the calculated
activities of MnO agree well with experimental data obtained by Mehta and Richardson
(28) and by Abraham et al. (29) using gas/slag/Pt equilibration techniques.
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Ca0O-MnO-AlLOj; ternary system

No phase diagram of the CaO-MnO-Al,O; ternary system has been reported. The
only thermodynamic data available are for the activities of MnO which were measured
by Mehta and Richardson (28) using a gas/slag/Pt equilibration technique and by Morita
et al. (30) using a gas/slag/Cu equilibration technique. There is considerable
disagreement between the activities reported in the two investigations No ternary
compounds or solid solutions were assumed. The calculated (predicted) phase diagram is
shown in Figure 6(a) and the calculated activities of MnO are plotted in Figure 6(b)
where they are compared with the measurements (28, 30).

Ca0-MnO-AlLO3-Si0; quaternary system

By combining the present optimized results with the previous optimization of the
Ca0-AL,0:-Si0, system (19), the database for the quaternary CaO-MnO-Al,O;3-SiO,
system was constructed. No additional model parameters were introduced. All
experimental data related to the quaternary system are well predicted. Figure 7(a) shows
the predicted (calculated) liquidus curves in the quaternary system compared with
experimental results by Rait and Olsen (31) at the composition ratio (wt%ALO; /
wt%Si0,) = 0.5 at temperatures between 1450° and 1550°C. Agreement is within
experimental error limits. The activities of MnO are also well predicted as shown in
Figure 7(b).

2Liqgs : 2 immiscible liquids
Cr : Cristobalite

Tr : Tridymite

Rh : Rhodonite

Wo : Wollastonite

PW : Pseudo Wollastonité0

a:o— Ca,SiO,
a':a'- Ca,SiO,
Mo : Monoxide
Ol : Olivine

CoC MnO

(@)

h¥s > kv v
Cao 90 80 70 60 50 40 30 20 10 mpoO
weight percent

(b)

Figure 4. Phase diagram of the CaO-MnO-SiO; ternary system (a) from Glasser (27), (b)
Optimized (calculated) (T=°C)
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Figure 5. Activity of MnO(solid) in CaO-MnO-SiO; liquid slags. (a) T = 1650°C, (b) T =
1550°C (Curves are calculated from the optimization)

CAG6 : Ca0.6Al,0,
CA2 : Ca0.2A1,0, 1.0 . . ; . ; :
09F T=1600°C

Morita et al. (30}

SO8F  ewtuCaOmt%AL0, = 1

A1 AL,O4 CaAl,,0
MA : MnAlLO, >
Mo : Monoxide

Ca,AI20,
(~]

T =1650°C

Mehta and Richardson(28)
o wt%CaOlwt%Al,0, = 2/8
& wt%CaO/wt%Al,0, = 377
o wi%CaO/wt%Al,0, = 4/6

60 50 40 30 0.4 05 06 0.7
weight percent X MnO

(a) (b)
Figure 6. CaO-MnO-ALO; system. (a) Predicted phase diagram assuming no ternary
compounds or solid solutions. (b) Activities of MnO (Lines are calculated from the
optimization).
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Figure 7. CaO-MnO-AL0;-SiO; system. (a) Liquidus at weight ratio Al,O3/Si0, = 0.5
in the temperature range 1450° to 1550°C, (b) Activities of MnO(solid) (lines are
calculated from the optimization).

APPLICATION TO INCLUSION CONTROL

The thermodynamic calculations involving equilibria between inclusions and
liquid steel were performed using the FactSage computing system (1). The new
optimized CaO-MnO-A1,0;-Si0, database was used for the oxide inclusions, and our
previously optimized (33) database was used for the liquid steel phase. Some

experiments (34) were also conducted to validate the results of the thermodynamic
calculations.

In actual plant processes, Mn/Si deoxidation usually results in MnO-Al,05-SiO,
inclusions as deoxidation products. During the refining stage, these MnO-Al,03-Si0O,
inclusions can react with CaO-containing top slags to become Ca0O-MnO-AL03-Si0,
inclusions. In this study, the relationship between the Mn/Si ratio in the liquid steel (tire-
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cord steel and Fe-36%Ni Invar steel) and the composition of MnO-Al,0;-Si0; and CaO-
MnO-AL0;-Si0;, inclusions was investigated with a view to forming inclusions with low
melting temperatures in order to minimize their harmful effects.

Figure 8 shows the variation of oxygen content with Mn/Si ratio in liquid Fe in
equilibrium with liquid MnO-ALO3-Si0O; inclusions saturated with Al,O;, mullite or
MnAlLO;, at 1535° and 1550°C. Lines are calculated using the optimized databases. The
oxygen content of the liquid steel decreases with increasing total ((Mn]+(Si]) as well as
with increasing Mn/Si ratio in the steel. The calculated curves agree well with
experimental results (23-24, 35) as can be seen in Figure 8.

Figure 9 shows the compositional trajectory of MnO-A1,05-S10, inclusions with
the Mn/Si deoxidant ratio in liquid steels. Figures 9(a) and 9(b) correspond to the tire-
cord steel ( [C] = 0.7wt%) at 1550°C and to Fe-36%Ni Invar steel at 1500°C respectively.
The total amount of ((Mn]+[Si]) is 1.0 wt%. The calculated phase diagrams at 1550° or
1500°C are superimposed on the figures. A small amount of FeO (less than 1 wt%)
always exists in such inclusions. In Figure 9 this is included with MnO as shown.

Measurements of Lee and Lee (34), preformed as part of the present project are
shown on Figure 9. To overcome the limitation of classical equilibrium experiments
using a crucible (where the liquid inclusions are necessarily always saturated with solid
phases such as Al,O; or mullite), a cold crucible technique was used, in which the liquid
steel droplets, covered with inclusions, are levitated. The thermodynamic calculations
predict the compositional trajectories of inclusions within experimental error limits for
both steels.

[2:3
o

Fujisawa & Sakao(35) : [%Mn] + [%Si] = 1.0 T=1550°C
70 “Mu+A+L eMu+A { 70} s Otha & Suito(24) : [%Mn] + [%Si = 0.35 ~ 0,76
AA+L *A + Otha & Suito{24) : [%Mn] + [%Si} = 1.40<1.75
.60 vL T =1535°C 1 ..60F ® Fujisawa & Sakao(35) : [YMn] + [%Si] = 1.0
) 3 t
50 =50t
g Liquid oxide E
=3 2
240 .40
- R et
= =
2030 1 £P30 + o
S z =V
20l 1 %5 MnALO, |
10 Mullite ALO, 10} Mutlite AL0,
0 . . . . . 0 . . . A .
-1.0 -0.5 0. 1.0 1.5 2.0 -1.0 05 0. .1.0 . X
Gog1% R/ 2%si] Yog[% Rin/2%si 1520

(a) (b)
Figure 8. The variation of oxygen content with Mn/Si ratio in liquid Fe in equilibrium
with liquid MnO-ALO;-SiO; inclusions saturated with Al,Os, mullite, or MnAl,Os.
(a) T = 1535°C, (b) T = 1550°C. (Lines are calculated using the optimized databases)
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T =1550°C
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[%Mn]+[%Si] = 1
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Figure 9. Calculated compositional trajectory of MnO-Al,05-SiO, inclusions with the
variation of Mn/Si ratio in liquid steels, and targeting the inclusion composition of MnO-
AlL03-8i0; inclusions for hot working at 1200°C. (a) Tire-cord steel ([C] = 0.7wt%) with
([%Mn] + [%Si]) = 1 at 1550°C, (b) Fe-36%Ni Invar steel with ([%Mn] + [%Si]) = 1 at
1500°C.

The main interest of this study is to maintain the inclusions in the liquid state at
the temperature of the wire production process in the case of tire-cord steel and of the
rolling process in the case of high-Ni steel. Therefore, the liquidus curve of the MnO-
AL 03-8i0, system at 1200°C is superimposed on the diagrams in Figure 9. This permits
us to target the appropriate ranges of Mn/Si ratios to maintain the inclusions in the liquid
state at 1200°C. Since ferromanganese is more expensive than ferrosilicon, lower ratios
of Mn/Si are preferable. Therefore, the proper ranges of the Mn/Si alloying ratio in liquid
steels with ([Mn] + [Si]) = 1wt% in the secondary refining process may be suggested as
follows:

1 <Mn/Si <2 : For tire-cord steel ( [C] = 0.7wt%)
2 <Mn/Si< 5 : For Fe-36%Ni Invar steel
when ([Mn] + [Si]) = 1wt% in both steels

Inclusions formed by Mn/Si deoxidation can react with top slags during the
refining process. Figure 10 shows the effect of top slags on the melting temperature of
MnO-Al,03-SiO; inclusions. The composition of the top slags was assumed to be
55wt%Ca0-15wt%Al,03-30wt%Si0,. The target inclusion composition for the
suggested Mn/Si ratio of 2.0 is MnO-Si0;-15wt%A1,0; (i.e. MnO/SiO; ~ 1). Therefore,
the inclusion composition can change during the reaction with the top slag as shown in

ALO,
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the figure. Calculated liquidus isotherms are also plotted on Figure 10. It is noted that as
CaO dissolves in the inclusions to between 5 and 15wt%, the melting temperature of the
inclusions is reduced by 50° to 100°C. Thus, if the reaction between inclusions and top
slags can be accurately controlled, the inclusions in Mn/Si killed steel can be modified to
more favourable compositions with lower melting temperatures.

SiO( + 15%A1,0,)

1550°C
5, [C]=0.7wt%
S OUAMNI+[Si]) = 1wt%

80 70 60 50 40 30 20 10 5
CaO( + 15%Al,0,) Weight percent MnO( + 15%A1,0,)
Figure 10. Calculated change of composition of inclusions formed during Mn/Si
deoxidation (as shown by arrows) when the Mn/Si ratio equals 2.0 for tire-cord steel
([C]F0.7wt%) by reaction with CaO-containing top slag at 1550°C (Assumed top slag
composition: 55wt% CaO - 15wt% ALO; - 30wt% Si0;). Predicted liquidus isotherms
(T="C) are also plotted.

CONCLUSIONS

The thermodynamic properties and phase equilibria of the MnO-Al,0O3;, MnO-
Al 03-Si0;, CaO-MnO-AlLO; and Ca0-MnO-Al,0;-Si0; systems were critically
evaluated and optimized, using all available thermodynamic and phase diagram data. The
resultant thermodynamic database for the quaternary CaO-MnO-AL,05-SiO, system was
combined with the previously optimized database for liquid steel and used with the
FactSage software (1) to calculate optimal conditions for inclusion control in Mn/Si-
killed steel. It has been shown that the newly optimized database is accurate and gives
good predictions for calculations of equilibrium between inclusions and liquid steel.

Thermodynamic calculations were performed for the prediction of inclusion
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behaviour in tire-cord steel and in Fe-36%Ni Invar steel. The compositional trajectories
of MnO-Al,05-Si0; inclusions with the variation of the Mn/Si ratio in liquid steel were
calculated, and the calculated results agree well with experimental data. Suitable ranges
of Mn/Si ratios in liquid steels were recommended in order to maintain the MnO-Al,O3-
Si0, inclusions in the liquid state, and hence deformable, at the hot working temperature
of 1200°C.

The effect of reaction with CaO-containing top slags on MnO-AlLO;-SiO,;
inclusions was also calculated. It is found that the dissolution of CaO up to between 5 to
15% will decrease the melting temperature of the inclusions and will thus increase the
deformability at low temperature.
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Thermodynamic Modeling of the MgO-Al,0;3-CrO-Cr,0; System

In-Ho Jung, Sergei Decterov and Arthur D. Pelton

Centre de Recherche en Calcul Thermochimique (CRCT), Ecole Polytechnique de Montréal,

A complete critical evaluation and thermodynamic
modeling of the phase diagrams and thermodynamic
properties of the MgO-ALO;-CrO-Cr,0; system at 1
bar total pressure are presented. Optimized equations
for the thermodynamic properties of all phases are
obtained which reproduce all available thermodynamic
and phase equilibrium data within experimental error
limits from 25°C to above the liquidus temperatures at
all compositions and oxygen partial pressures. The
optimized thermodynamic properties and phase
diagrams are believed to be the best estimates presently
available. The database of the model parameters can be
used along with software for Gibbs energy minimization
in order to calculate any type of phase diagram section.

1. Introduction

THE Mg-Cr-Al-O system is important in the ceramics
and metallurgical industries, particularly for its role in
many refractories. Despite its importance, the phase
equilibria in this system have not been well studied.
Experimental study of the system is complicated by the
strong dependence of the equilibria on oxygen pressure and
by the high melting temperature of the spinel phase.
Therefore, critical assessment and optimization of the data
is required in order to understand and model this system
more accurately.

Optimizations of the MgO-Al,0;, CrO-Cr,0; and CrO-
Cr,0;-AlL,0;, systems have been reported previously.”2 The
main goal of the present study is to perform a critical
assessment and optimization of the thermodynamic
properties and phase equilibria at 1 bar total pressure of
oxide phases of the MgO-ALO;-CrO-Cr,0; (Mg-Al-Cr-O)
system. In the thermodynamic "optimization" of a chemical
system, all available thermodynamic and phase equilibrium
data are evaluated simultaneously in order to obtain one set of
model equations for the Gibbs energies of all phases as

This study is based in part on the thesis submitted by I.-H. Jung for
the Ph.D degree in Materials and Metallurgical Engineering, Ecole
Polytechnique de Montréal, Montréal, Québec, H3C 3A7, Canada.
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Ms. O. Szabo of K.U. Leuven, Belgium, and Mr. Y.-B. Kang of
POSTECH, Korea for many fruitful discussions and advice.

Montréal, Québec, H3C 3A7, Canada

functions of temperature and composition. From these
equations, all of the thermodynamic properties and the phase
diagrams can be back-calculated. In this way, all the data are
rendered self-consistent and consistent with thermodynamic
principles. Thermodynamic property data, such as activity
data, can aid in the evaluation of the phase diagram, and
phase diagram measurements can be used to deduce
thermodynamic properties. Discrepancies in the available data
can often be resolved, and interpolations and extrapolations
can be made in a thermodynamically correct manner.

The present optimization covers the range of oxygen
partial pressures from equilibration with pure oxygen to
metal saturation, and temperatures from 25°C to above the
liquidus. All calculations in this study were performed with
the FactSage® software.

II. Phases and Thermodynamic Models

The following solution phases are found in the MgO-
ALO-CrO-Cr,0; system: (i) slag (molten oxide phase):
MgO-CrO-CrO, 5-AlO; 5, (ii) monoxide (periclase): MgO-
CrO,5-AlO;s5, (iii) spinel (encompassing MgCr,0,,
MgALO; and Cr;0,): (Mg”, AI*, Cr*, Cr3+)'
[Mg*" AP*,Cr**,Va],*0,, (iv) corundum: ALO3-Cry0s, (V)
liquid, bee and fee alloys: Mg-Cr-Al. Cations shown within
a set of brackets for spinel occupy the same sublattice.

(1) Molten Oxide (slag)

The Modified Quasichemical Model*>®” which takes
into account short-range ordering of second-nearest-
neighbor cations in the ionic melt, is used for modeling the
slag.

The components of the slag are taken as MgO-CrO-
CrO,5-AlO;s. Although Cr can have higher oxidation
states, only the Cr** and Cr’' oxidation states which
predominate at oxygen partial pressures less than 1.0 bar,
are considered in the present study.

The binary and ternary sub-systems MgO-AlO, s, CrO-
CrO;5 and AlO, 5-CrO-CrO, 5 have already been critically
evaluated and optimized,"”” and these optimized model
parameters are used as the basis of the present study. All
second-nearest-neighbor “coordination numbers” used in
the present model for the slag are the same as in previous
studies."? The properties of the quaternary slag solution
were calculated form the binary and ternary parameters
using a symmetric “Kohler-like”® approximation.

One additional optimized binary parameter related to
Mg”"-Cr’" interactions was added in the present study.
This is listed in Table I.



(2) Spinel Solution

The model for the spinel solution was developed
within the framework of the Compound Energy Formalism
(CEF).” The Gibbs energy expression in the CEF per
formula unit is:

G=Y > Y'Y’G,-TS.+G*
LI

where ¥;" and Y,° represent the site fractions of constituents
i and j on the tetrahedral and octahedral sublattices, Gij is

the Gibbs energy of an “end-member” (/)'[j],°04 of the
solution, in which the first sublattice is occupied only by
cation i and the second only by cation j, G" is the excess
Gibbs energy, and Sc is the configurational entropy
assuming random mixing on each sublattice:

Se =-RQ. YY" +2> ¥  Inr|)
i J

The excess Gibbs energy is expanded as:
SEDIIWNAR A ATEDINIP RN/ A 8 W
Pk i j ok

where the parameters Ly, are related to interactions
between cations / and j on tetrahedral sites when all
octahedral sites are occupied by k& cations, and the
parameters L;.; are related to interactions between i and j
cations on octahedral sites when the tetrahedral sites are all
occupied by & cations. In the present study, only one small
Ly.; parameter, and no L parameters, were used.

The main model parameters are the end-member Gibbs
energies, Gy. These are listed in Table 1. Details of the
optimization are given in the following sections. As seen in
Table 1, certain linear combinations of the G; parameters,
which have physical sense, are used as the optimized model
parameters. The physical significance of these linear
combinations (Iyg, ducmMmc, €tc.) is discussed in reference
{10}. These linear combinations are related to the energies
of classical site exchange reactions.

Parameters not shown in Table I (such as Gaa, Guma,
...) were obtained in the previous' optimization of the Mg-
Al-O system. The parameter Gcg, which is equal to the

Gibbs energy of Cr;0,, G8r304 , was evaluated previously.?

Since the present spinel model reduces to the model of
O’Neill and Navrotsky'' as a limiting case, the values of
the parameters lyg and Adygmg were determined from
values and site preference energies recommended by these
authors. The parameters Axg.a6, dmc.gv, Imemc and Ava.ga
are the energies of reciprocal reactions among the end
members and are expected to be small. Three of these were
set to zero, and the fourth, Aya.ga, was optimized to
reproduce the available data as discussed below. The
reciprocal parameter Acp.ag is equal to (Gep + Grg — Gra —
Gca), where Grg and Gy, are the Gibbs energies of the end-
members (Fe**)[Cr’',0, and (Fe*")[AI’*'],0; evaluated in
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previous studies.'>"® This parameter is also expected to be
small, and was set to zero.

As discussed below, non-stoichiometry of MgCr,0,
towards excess chromium is due principally to the
dissolution of Cr** as Cr;O,. On the other hand, non-
stoichiometry of MgAl,0O, spinel towards excess aluminum
is due to the formation of vacancies on octahedral sites. In
the previous optimization of the Mg-Al-O system' this was
modeled as a solution of MgALO, and vy-ALOs,

(AP )[Al§76V31/6 1,0,, and the
parameter G,y was related to the Gibbs energy of y-Al,O;.

In the present case, in order to be able to model the mixed
spinel phase, the parameter Ggy is related to the Gibbs

end-member

energy of “y-Cr,0,,” G;—Cr203 , using a similar equation as
shown in Table 1. In order to assure that the concentration

. . . o
of vacancies in the absence of Al is very low, Gy—Cr203 was

assigned a large positive value equal to (GCOr203 + 200

kJ/mol) as shown in Table 1.

No excess parameters L or Ly of the spinel phase
were required in the previous optimization of the Mg-Al-O
system.l In the present study, one small parameter L;ga
related to the interaction of Cr** and AP’ ions on octahedral
sites was required. It was assumed that this parameter is
independent of the ions occupying the tetrahedral sites.
That iS, LC:GA = Lg;GA = LM:GA = LA:GA~ In summary, the
only additional parameters for the spinel phase which were
optimized in the present study are Aya.ga and Lyga. Also,

H§98.]5 of MgCr,0, was slightly adjusted as discussed

below.

The compound Cr;0, is stable in a narrow temperature
range between 1650° and 1700°C. It has a distorted
tetragonal spinel structure. The lattice parameters of
MgCr;,04-Cr;0,4 spinel solutions have been measured over
the entire composition range.'*'” The lattice parameters are
observed to vary smoothly and continuously with
composition, exhibiting no discontinuities. The cubic to
tetragonal transition, which is due to the Jahn-Teller
distortion,'*"* is thus not modeled as a first-order transition,
and only one thermodynamic model for the spinel phase,
valid at all compositions, is required. Similar behavior is
observed for the spinel phase in the Fe-Cr-O system.'>'®

(3) Periclase Solution

The periclase solution was modeled as a simple
random mixture of Mg, Cr’* and AI*" ions on cation sites
with simple polynomial excess Gibbs energy terms.® It is
assumed that cation vacancies remain associated with Cr**
or AI*" ions and so do not contribute to the configurational
entropy.

Binary excess Gibbs energies were modeled by
simple polynomial expansions in the mole fraction.®
Optimized parameters for MgO-AlO,s solutions were
obtained previously.! Optimized parameters for the MgO-
CrO,s solution were obtained in the present study as



described in the following sections. These are listed in
Table I. The properties of the ternary periclase solution
were calculated from the binary parameters with the
symmetric “Kohler-like” approximation.®

(4) Other Solutions

Thermodynamic properties of the corundum solution
ALO;-Cr;0; were optimized previously.” The
thermodynamic properties of liquid, bee and fec metallic
solutions from the SGTE (Scientific Group Thermodata
Europe)” database were used for calculations of phase
equilibria at metallic saturation.

III. Results of Evaluation/Optimization

(1) MgCr,0, Spinel

The thermodynamic properties of stoichiometric
MgCr,O, spinel have been well studied. The heat capacity
of MgCr,04; was measured from 54 K to 296 K by
Shomate®’ and the enthalpy from 298 K to 1773 K was
measured by Naylor.”? Plumier” and Shaked et al®
reported two distinct antiferromagnetically ordered states at
16 K and 13.5 K from neutron diffraction studies at low
temperature, whereas Blasse and Fast”® reported a
paramagnetic to antiferromagnetic transition at 15 K. From
Mossbauer spectroscopy and X-ray techniques, Hartmann-
Boutron et al.* reported that the transition reflects a change
in crystallographic symmetry through the Jahn-Teller
effect. Recently, Klemme et al?’ measured the heat
capacity from 1.5 K to 340 K. In their measurements, a
substantial magnetic contribution to the entropy was
revealed by a very high sharp peak in the heat capacity at
12.55 K, associated with the transition to antiferromagnetic
long-range order. Klemme et al.”’ calculated the entropy at
298.15 K taking into account this magnetic contribution.

O’Neill and Dollase®® recently analyzed the fine
structure of XRD measurements to investigate the cation
distribution of MgCr,O4 synthesized at various
temperatures and oxygen partial pressures. They found that
all samples had the fully normal spinel structure within the
accuracy of the analysis. Hence, the parameter Gy is

equal to Gf,lgCrzod , the Gibbs energy of stoichiometric

MgCr,0,. The values of Hyg s, Syg,s and the heat

capacity function shown in Table I were taken from the
values recommended by Klemme et al.”’ based on their
assessment of all available thermodynamic data. The value

of H o, ,s was further adjusted slightly by —1.13 kJ/mol in

the present optimization. The value of S;98.1 5 takes account

of the magnetic transition at 12.55 K. The heat capacity
expression is valid from 15 K up to the melting
temperature.

Fig. 1 shows the variation in oxygen partial pressure of
MgCr,0, in equilibrium with Cr and MgO. Tretjakow and
Schmalzried” and Jacob® measured the oxygen partial
pressure between 750° and 1250°C by an emf technique
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using Zr0,-Ca0 and Y,0;-ThO; electrolytes respectively.
The calculated curve is slightly lower than the experimental

points because of the slight adjustment to H ;’98'15 of

MgCr,0, mentioned above. However, this adjustment was
required in order to better fit the data in Fig. 6 as discussed
below. In any case, the agreement in Fig. 1 is within the
experimental error limits. Muller and Kleppa® measured
the enthalpy of formation of MgCr,0, from MgO and
Cr,0O; oxides at 900°C wusing 2PbO-B,0; solution
calorimetry. The measured value of -46.3 kJ/mol is very
close to the present calculated optimized value, -46.9
kJ/mol. Sata and Lee’®’ studied the evaporation of
MgCr,0, using Knudsen cell and Langmuir techniques.
The results were quite different for the different
experimental techniques, and were not considered in the
present optimization.

The melting temperature of MgCr,0, depends strongly
on the partial pressure of oxygen, mainly because the

Cr**/Cr*" ratio in the liquid phase depends upon P,, . For

this reason, the melting temperature has been the subject of
controversy for some time. The melting temperature,
calculated from the present model, is shown in Fig. 2 as a

function of P02. Melting points reported by several

34-38

authors are also shown in Fig. 2. In none of these

experiments was Poz controlled. However, each author

also measured the melting point of Cr,0; in the same
apparatus under similar conditions. Since the melting point

of Cr,0; as a function of PO2 is known,’ the oxygen partial

pressures in the various studies can thereby be estimated.
Agreement between the measurements and the calculations
are good. Under normal conditions, MgCr,O; melts
congruently. However, the calculations show that when

logP;, < -8.6 it melts incongruently to form liquid and

periclase. The variation of the melting temperature of
MgCr,0,4 with oxygen partial pressure is elucidated for the
first time in the present study.

(2) MgO-CrO-Cr,0; System

Optimized “MgO-Cr,05” phase diagrams at various
constant oxygen partial pressures are shown in Fig. 3. Since
Cr*" is also present in some phases, the horizontal axis of
these diagrams is more correctly the molar metal ratio

Cr Cr
—(—+Mpg).
5 (2 g)

It is assumed in the present model that Cr dissolves in
periclase only as Cr’*, since no investigation has shown
evidence of Cr*". Therefore, the phase boundary between
the periclase and (periclase+spinel) region in Fig. 3 should

be independent of PO2 as shown. This boundary was first

measured by Frenkel et al.,”” by Alper et al* using a
quenching technique, and by Hering," Henriksen and
Kingery*” and Greskovich and Stubican'**' from inter-
diffusion studies. The various experimental studies are in
good agreement with each other and with the calculations



using the optimized parameters for periclase given in Table
L

Alper et al’® measured solidus and liquidus
temperatures under N, atmospheres by a technique of
quenching followed by optical and X-ray analysis. Using
their reported melting point of Cr,O; as an indicator as
discussed above, the oxygen partial pressure in their

apparatus is estimated as log PO2 ~-1.5. Wilde and Rees”’

reported solidus and eutectic temperatures measured in a
carbon tube furnace. Again using their reported melting

point of Cr,O5 as an indicator, we estimated that log PO2 ~

-5.5 in their apparatus. As can be seen in Fig. 3, there is
good agreement between the measurements and the
calculations.

The solubility of MgO in Cr,05 has been shown'**"*!
from lattice parameter measurements by XRD to be
negligible. Gee™ reported the existence of a compound
4MgO-Cr,03, but more recent studies’®*’ do not confirm its
existence.

As discussed above, the spinel phase in the absence of
Al is considered to be a solid solution of MgCr,O, and
Cr;04. No additional model parameters were added in the
present study. As can be seen in Fig. 3, the calculated
solubility of Cr;O, increases significantly as the oxygen
partial pressure decreases. The solidus point of Wilde and

Rees’’ at log PO2 ~ -5.5 in Fig. 3 (c) is well reproduced by

the calculations. Greskovich and Stubican,'*" from lattice
parameter measurements, observed single-phase spinel up
to a molar ratio Cr/(Mg+Cr) of 0.8 at 1950°C under

reducing conditions (exact PO2 unspecified), while

negligible solubility at 1700°C in an oxygen atmosphere
was reported. Hashimoto et al.'” observed single-phase
spinel up to a molar ratio Cr/(Mg+Cr) of 0.773 at 1700°C

under unknown reducing conditions (exact POZ

unspecified; samples were embedded in graphite powder),
while Li ef al'® observed solubilities up to Cr/(Mg+Cr) =
0.9 at metallic Cr saturation at temperatures between 1200°
and 1500°C at total pressures of 4.8 to 28.8 kbar. Wilde and
Rees’’ estimated negligible solubility of Cr;O, from the
observation of only very small changes in lattice parameter
with increased Cr;O, content under reducing conditions.
However, their conclusion that the solubility is negligible is
incorrect because the lattice parameter changes only
slightly'*'® with increased Cr;O, until relatively large
concentrations are reached.

Finally, it may be mentioned that similar assumptions
and model parameters reproduce solubility data for Cr;O,

as a function of temperature and PO2 in the FeCr,0,-Cr;O4

spinel solution'*"

abundant.

Fig. 4 shows the phase diagram (oxygen partial
pressure versus molar metallic ratio Cr/(Mg+Cr)) predicted
at various temperatures. The SGTE database? was used for
the properties of the metallic phases. The single-phase
spinel solution is calculated to extend to about Cr/(Mg+Cr)

where experimental data are more
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= (.9 at 1500°C in good agreement with the measured data
by Li et al.'® as discussed above. The other experimental
data'*'>'7 discussed above for the solubility of Cr;04 in
MgCr,O, spinel are also qualitatively well reproduced by
the calculated phase diagram in Fig. 4. Between 1650° and
1700°C, the spinel solution is calculated to extend to pure
Cr;0, spinel. No molten oxide phase appears at
temperatures below 1650°C. In this study, the Cr;O4-rich
spinel with distorted tetrahedral structure is modeled as
being continuous with the cubic MgCr,O,-rich spinel as
discussed earlier.

The calculated liquidus projection of the MgO-CrO-
CnO; temary system is shown in Fig. 5. The primary
crystallization fields of metallic chromium, periclase, spinel
and Cr,0; are noted in the figure. Caution should be

exercised in interpreting this diagram since P, varies
2

greatly across it.

(3) MgO-CrO-Cr,03-Al,0; System

MgCr,04 and MgAlL,O, are completely miscible at
high temperatures. Tie-lines between the MgCr,0,-
MgAlL O, spinel solution and the Cr,0;-Al,05 corundum
solution were measured recently by Jacob and Behera®

under dried argon atmospheres (log PO2 ~ -5.0) using

EPMA analysis for the spinel composition and lattice
parameter measurements (from XRD) for the corundum
phase. These results are considered the most reliable and
were used in the present optimization to obtain the model
parameters Ayag and Liga shown in Table I. Experimental
and calculated tie-lines are compared in Fig. 6. It should be
noted that the same parameter L;.g, = 33472 J was used to
reproduce the measured spinel-corundum tie-lines and the
measured miscibility gap in FeCr,Os-FeAl,O; spinel
solutions in our optimization of the Fe-Cr-Al-O system.'?
Results of other authors are also plotted in Fig. 6. Hino
et al® used a similar technique to that of Jacob and
Behera,” while Greskovich and Stubican*' obtained the
composition of the corundum phase from lattice parameter
measurements and then calculated the spinel composition
by the difference between this and the overall sample
composition. Gaenko* investigated the phase equilibria by

XRD of quenched samples; however PO2 was unspecified.

The calculated cation distribution in the MgCr,Oy-
MgALO, spinel solution at 1200°C is shown in Fig. 7. The
variations in the moles of ions on the various sites are
nearly linear with composition. The calculated
concentration of Cr’* ions on tetrahedral sites is less than
0.1 mole percent in agreement with the results of O Neill
and Dollase.”® A nearly symmetrical miscibility gap is
predicted at lower temperatures, with a consolute
temperature of 713°C.

A calculated isothermal section at 1700°C at Po2 =1
bar is shown in Fig. 8 along with experimental points
reported by Greskovich and Stubican.*’ The calculated and

reported phase boundaries between the spinel and
(spinel+corundum) regions are not in good agreement.



However, the extrapolation of the experimental phase
boundary to the MgO-Al,O; system results in a
substantially lower solubility of ALO; than indicated by
numerous studies taken into account in our earlier
optimization' of the MgO-A1,05 system.

Solidus measurement at logPOZ ~ -5.5 (see above)

were performed by Wilde and Rees.”” The calculations
reproduce the measurements within the very wide scatter
exhibited by the latter.

The solubility of spinel in the ternary periclase solution
was measured by Dewendra et al*® by a quenching
technique. The calculations, with no additional ternary
parameters, reproduce the measurements  within
experimental uncertainty.

Fig. 9 shows the calculated (predicted) liquidus
projection at various oxygen partial pressures. The liquidus

temperature is independent of PO2 in the MgO-ALO,

system, but is highly dependent on PoZ in the MgO-Cr,04

system. This results in several interesting features of the
calculated phase diagram. Under oxidizing conditions, the
melting temperature of MgCr,O, is higher than that of
MgAlLO,. However, this situation reverses under reducing
conditions. Similar behavior is observed for the Cr,Os-
ALO; corundum solution. The primary phase field of

periclase expands significantly as PO2 is decreased.

The effect of the addition of Al on the phase equilibria
in the Mg-Cr-O system is illustrated in Fig. 10, which may
be compared to Fig. 4. The addition of Al stabilizes the
spinel field. In particular it stabilizes the two-phase region
(spinel+bcc) where the spinel is mainly composed of
MgAl204

V. Conclusions

The MgO-ALO;-CrO-Cr,0; system at a total pressure
of 1 bar was critically evaluated and optimized based on all
available and reliable thermodynamic and phase diagram
data. As a result of the optimization, one set of model
parameters has been obtained which reproduces all the data
within experimental error limits in the temperature range
from 25°C to above the liquidus and for oxygen partial
pressures up to 1 bar. The variation of the melting
temperature of MgCr,0O, with oxygen partial pressure and
of the MgO-Cr,O; phase diagram with oxygen partial
pressure are elucidated for the first time. Phase equilibria
can be calculated for temperatures, compositions and
oxygen partial pressures where data are unavailable.

The optimized model parameters can be readily used
with general thermodynamic software and databases, such as
FactSage,® to calculate phase equilibria at any given set of
conditions and to model various industrial and natural
processes. An article on applications to magnesia-chromite
refractories is being prepared in collaboration with K.U.
Leuven, Belgium.
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Table 1. Optimized model parameters of solutions in the MgO-CrO-Cr,05-Al,0; system (J/mol and J/mol-K).

Spinel: (Mg**,Cr*,Cr’* AP Mg®,Cr* A", Va],0,
Gug=G° (MgCr204)*'
HZ, = -1769907.76

o ,s= 118.300

Cp =221.24-0.0010207T - 1 757(106)7‘ 2124797 % (15 K < T <3000 K)
Geg = GA(Cr;04)™

IMG GGG+ GGM ZGMG =320000.0 — 18.24T

Aviom = Gvm + Goo— G~ Gam - = 40000.0

Arc:ac = Gan + Gog— Gag — Goa = 0.0

Auaca = Gmc+ Gaa— Gma — Gag = -16736.0

Amcev = Gug + Gev— Guy = Geg = 0.0

Avcmc= Gum+ Geg — Gug — Gem = 0.0

Acrac= Geat Grg— Geg — Gra - =0.0 .
Ggv = 8G°(y-Cr,05) — 2RT(5In5-61In6) — 5Gg, where G°(y-Cr,03) = G°(Cr;,05) " + 200000.0
Le.ga = Looa = Lmcoa = Laga = 33472.0

Notations M, C, G, A, F and V are used for Mg, Cr**, Cr**, AI*', Fe*" and vacancy, respectively
* Hy. s decreased by —1.13 kJ/mol from the value recommended by Klemme et al.?”’ S5, . and Cp taken

from Klemme et al.”’

** Gibbs energies of Cr;0, and Cr,05 taken from Decterov and Pelton?

*%* These parameters were determined from values recommended by O’Neill and Navrotsky."'

**k* (o and Gpa are the Gibbs energies of (Fe*")[Cr''],0, and (Fe*")[AP*],0, taken from previous
studies'>"

The other model parameters for spinel can be found in the study by Jung et al.'

Periclase: MgO-CrQO, 5-AlO 5
G°(Cr0, 5) = Y5 G°(Cr,05)" + 38702.0
q,?,fgo,&om =39692.35-31.66T
* Gibbs energy of Cr,0; taken from Decterov and Pelton?
The polynomial “q” parameters are defined in Reference 8
The other model parameters for periclase can be found in the study by Jung et al.'

Liquid Oxide: MgO-CrO-CrO,5-AlO 5
AgYgocr0,, = -16736.0

The other model parameters for spinel can be found in the study by Jung et al.'

The quasichemical parameters are defined in References 6 and 7.
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Gibbs energies of the pure components of the solutions and of O, gas are taken from the F*A*C*T database.’
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neighbor cations in the ionic melt, is used for modeling the
slag. The components of the slag are taken as CoO-FeO-
FeO;s5. Only divalent cobalt (C02+) is considered for the
molten oxide in the present study because no indications of
higher oxidation states of Co have been reported.

The binary sub-system FeO-FeO,s has already been
critically evaluated and optimized,’ and the optimized
model parameters are used as the basis of the present study.
The second-nearest-neighbor “coordination numbers” of
Fe** and Fe'" used in the present model for the slag are the
same as in the previous study,” and the “coordination
number” of Co®* is the same as that of Fe?*. The binary
interaction parameters of the model are set to zero for the
Co®*-Fe’* and Co™*-Fe" interactions. The properties of the
ternary slag are calculated from the binary parameters using
the symmetric “Kohler-like”® approximation. No ternary
parameters are needed. That is, no additional adjustable
model parameters for the slag solution were introduced in
the present study. The thermodynamic properties of the
slag, predicted by the Modified Quasichemical Model
solely from the optimized model parameters of the FeO-
FeO, 5 system, adequately reproduce available experimental
data as is shown in the following sections.

(2) Spinel Solution

The model for the spinel solution was developed
within the framework of the Compound Energy Formalism
(CEF).” The Gibbs energy expression in the CEF per
formula unit is:

G=)>Y'Y’G,~-TS, +G"
L

where KT and on represent the site fractions of cations i

and j on the tetrahedral and octahedral sublattices, Gij is

the Gibbs energy of an “end-member” (/)'[j],°0, of the
solution, in which the first sublattice is occupied only by
cation i and the second only by cation j, and S¢ is the
configurational entropy assuming random mixing on each
sublattice:

Se==RQ.Y, In¥T+23 ¥ InY?)
i j

In the present study, no excess Gibbs energy terms
were required; that is G* = 0. The Gibbs energy of the
spinel solution is thus fully defined if the Gibbs energies G;
of the 20 end-members are known. Certain linear
combinations of the G;, which have physical sense, are
used as the optimized model parameters. These linear
combinations are related to the energies of classical site
exchange reactions and are listed in Table I. A more
detailed description of these spinel model parameters is
given in Reference 3.

Of the 20 parameters Gy, six were optimized in the
earlier’ optimization of magnetite

(Fe*", Fe’" )" (Fe*, Fe*', Va)20, . Two more, G¢c and Gey
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(where C = Co* and V = vacancy), were defined in the
optimization of the simple CoAlL,O, spinel phase and will
be reported elsewhere. The remaining 12 were obtained in
the present study as described in the following sections and
are listed in Table L.

The contribution of magnetism to the Gibbs energy of
the spinel phase is modeled by a semi-empirical equation'®
and the model parameters optimized in the present study
are listed in Table I.

(3) Cobaltowustite Solution

The cobaltowustite solution was modeled as a simple
random mixture of Co?*, Fe?* and Fe*" ions on cation sites
with simple polynomial excess Gibbs energy terms.® It is
assumed that cation vacancies remain associated with Fe**
ions and so do not contribute to the configurational entropy.

Binary excess Gibbs energies were modeled by simple
polynomial expansions in the mole fraction.® Optimized
parameters for the FeO-FeO,s (wustite) solution were
obtained previously.® The FeO-CoO solution is assumed to
be ideal. One optimized excess parameter for CoO-FeO, s
interactions was obtained in the present study as described
in the following sections and is listed in Table I. The
properties of the ternary cobaltowustite solution were
calculated from the binary parameters by the symmetric
“Kohler-like” approximation.®

(4) Metallic solutions

The thermodynamic properties of liquid, bec, fcc and
hep alloys from the SGTE (Scientific Group Thermodata
Europe)'' database were used for calculations of phase
equilibria at metallic saturation.

IIL. Evaluation/Optimization

(1) CoO-Co;0, System

A small non-stoichiometry of solid CoO was measured
by Fisher and Tannhauser'* using an electric conductivity
technique and by Aggarwal and Dieckmann® using
thermogravimetry. This solubility of less than 1 mol %
Co304 in CoO was neglected in the present study, and CoO
is considered to be a stoichiometric compound. The heat
capacity of CoO was measured in the temperature range
from 50 to 1000 K by King," Kleinclauss’® and
Watanabe'®"” using adiabatic calorimetry. As can be seen
from Fig. 2, the measured data are in good agreement with
each other. The peak at 287 K corresponds to a phase
transition from the anti-ferromagnetic to the paramagnetic
state. The heat content of CoO above 300 K was measured
by King and Christensen'® (see Fig. 3). Optimized
thermodynamic parameters are given in Table 1.

The melting temperature of CoO has been reported as
1810°C." Barin® reported the melting temperature to be
1830 °C and estimated the enthalpy of fusion. These values
of Barin are consistent with the reported limiting slopes of
the liquidus curves at 100% CoO (and assuming no
solubility in solid CoO) in several binary systems such as
Co0-Si0,*""* and Co0-Al0;,, % and were accepted in
the present study. The heat capacity of liquid CoO has not



been reported. It was estimated as being equal to Cp of the
solid at the melting temperature for temperatures above
1300 K. Below 1300 K it was set equal to Cp of the solid.
The resultant thermodynamic properties of liquid CoO are
given in Table 1.

The heat capacity of Co;0,4 below 300 K was measured
by King"* (54 to 296 K) and Khriplovich ef al.” (5 to 307
K) using adiabatic calorimetry. A phase transition from the
antiferromagnetic to the paramagnetic state occurs near 30
K. King and Christensen'® measured the heat content of
Co30, up to 1000 K and reported abnormal behavior of the
heat content above this temperature. Mocala et al®®
measured a strong anomaly in the heat capacity of Co;0,
between 1000 K and its decomposition temperature (about
1300 K in air and slightly higher in oxygen at 1 bar) using
an HT 1500 Setaram calorimeter in step-scanning mode
under both air and oxygen atmospheres. The measured
heat capacity is almost independent of the oxygen partial
pressure. This anomaly in the heat capacity of Co;0,
probably results from an electron spin unpairing transition
of Co®" ions?’: spins are paired at lower temperatures (low-
spin state) and become unpaired at higher temperatures
(high-spin state).

Pure Co30; is generally considered to be virtually a
completely normal spinel at all temperatures: Co>* and Co**
occupy the tetrahedral and octahedral sites, respectively.
However, when other ions are present, Co’" and Co®* can
both be found on both the tetrahedral and octahedral sites.
Since the spinel model used in the present study reduces to
the simplified model of O’Neill and Navrotsky28 as a
limiting case, the values of the model parameters Ceg.cr and
Ice were calculated from the site preference energies of
Co*" and low-spin Co®* proposed by these authors. These
parameters are given in Table I. The transition from low-
spin to high-spin Co®" was directly taken into account by
fitting the heat capacity of Co;0, to the experimental data
as shown in Fig. 4. The amount of Co®* on tetrahedral sites
calculated from the model parameters is less than 1 mol %
over the entire temperature range of existence of Co;0,.
Hence, the optimized Gibbs energy Gcg (for hypothetical

purely normal (Co™")"(Co™ )70, ) is nearly identical to the
Gibbs energy, G, , of real Cos0,.

The heat capacity and heat content of Co030,,
calculated from the optimized parameters in Table I, are
compared with the experimental data in Figs. 4 and 5. The
absolute entropy of Co0;0, at 298.15 K obtained by
Khriplovich ef al® (109.3 J/molK) is accepted in the
present study. Since King'* measured the heat capacity
only above the magnetic transition temperature, his entropy
(102.5+0.8 J/mol-K), calculated from the Third law, is too
low.

The oxygen partial pressures for the CoO/Co and
Co0/Co030, equilibria'>*"** were measured by emf and
gas equilibration techniques. The calculated phase diagram
of the Co-O system (oxygen partial pressure versus 1/7) is
shown in Fig. 6. Only the major experimental studies are
shown in the figure. The calculations are also in excellent
agreement with the results of all other studies. The
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parameters for H. ;)9&15](, S;98.15K and Cp for CoO(s) and

C0304(s) (Gcg) in Table I were optimized in order to
reproduce the data in Figs. 2 to 6 simultaneously.

The non-stoichiometry of Fe;O, spinel was modeled’
by the introduction of vacancies on octahedral sites, This
can be viewed as a dissolution of y-Fe,Os in Fe;O4 where y-
Fe,O; (similar to y-Al,O3) is an unstable modification of
Fe,0; which has the spinel structure and can be written as
(Fe’")[Fel;, Va,]0,. There is no experimental indication

of any significant non-stoichiometry of Co;0,. That is, in
Co;0, the concentration of vacancies is very low. This can
be modeled by simply setting Ggy to a large arbitrary
positive value. However, for internal consistency in the
spinel model, this should be done in the same way as was
done for Fe;0,. That is, the non-stoichiometry is modeled
as a dissolution of hypothetical y-Co,0; which is assigned a
large arbitrary positive Gibbs energy equal to

(Geoy0, "Ocoo t200 kJ/mol) ,  thereby assuring that the

concentration of vacancies in the absence of Fe is very low,
This results in the expression for Ggy given in Table 1.

(2) Fe-Co-0 System

(A) Spinel

CoFe,04 is an inverse spinel at ambient temperature.
The distribution of cations between octahedral and
tetrahedral sites in CoFe,0O,4 as a function of temperature
has been measured by several researchers.*>? As can be
seen from Fig. 7, the experimental data are widely scattered
and the temperature dependence of the cation distribution is
not well established. Murray and Linnett* prepared their
samples from oxides under undefined oxygen partial
pressure and measured the cation distribution in quenched
samples using Mossbauer spectrometry. Co®* and Co™
were not distinguished in their study. Yakel®® prepared
CoFe,04 samples from CoO and Fe,O; under flowing CO,
at 1550°C and measured the cation distribution of quenched
samples using Synchrotron X-rays. DeGuire et al.*® used
Mossbauer spectrometry to obtain the cation distribution in
quenched CoFe,O, samples prepared from oxides in air.
They pointed out that the equilibrium cation distribution in
spinel is very difficult to quench from high temperature.
Waseda ef al.*® prepared CoFe,0, samples from Fe,(SO4)5
and CoSO;, solutions. The samples were annealed at 800°C
in air and quenched. The cation distribution was
determined by anomalous X-ray scattering (AXS). Amer
and Hemeda,” Van Noort et al* and Popescu and
Ghizdeanu®' measured the cation distribution of CoFe O, in
slowly cooled samples. In other studies®® the thermal
history of the samples is not provided. **The experimental
data on cation distributions were fitted with the parameter
Icy of the spinel model (Table I).

The calculated cation distribution in Fe;0,-CoFe,0O,
spinel solutions is shown in Fig. 8. Erikson and Mason,>
using an in situ thermopower technique, measured the
cation distribution in the spinel solution between Fe;O, and
CoFe,04, which was synthesized from oxide powders under
CO,/CO ratios between 100 and 1000. Murray and



Linnett" measured the cation distribution in this spinel
solution using the same technique as for pure CoFe,O, (see
above). Mossbauer spectrometry was used by DeGuire et
al® to study the cation distribution of quenched Fe;O4-
CoFe;0O,4 samples prepared by a gas atomization technique
with high pressure Ar gas. It should be noted that the
amount of Co>" cations in Fe;04-CoFe,0, spinel solutions
is very small because the reaction Fe?*+Co*" &= Fe**+Co?*

is strongly shifted to the right. However, when the spinel
composition extends beyond CoFe,0, towards Co;0,, Co**
ions enter octahedral sites in line with the fact that Co;0, is
a normal spinel.

The heat capacity of CoFe,O; was measured at low
temperatures by King® and at high temperatures by
Landiya ef al,® Chachanidze’ and Bochirol®® using
adiabatic calorimetry. CoFe,0, is ferromagnetic below 784
K. The calculated heat capacity of CoFe,O, is compared
with the experimental data in Fig. 9. At these relatively
low temperatures, there was probably insufficient time for
the cation distribution to re-equilibrate during the adiabatic
calorimetric measurements. Hence, the Cp curve in Fig, 9
was calculated under the assumption that there was no
contribution to the measured C, from the cation re-
distribution.

King® synthesized a spinel sample of the FeCo,0,
composition from Fe,0; and CoO in air and reported its
entropy at 298.15 K from measurements of its heat capacity
at low temperatures. It should be noted that spinel of this

composition is actually not Fe*’Co, O, , but must be close

to the formula Fe*'Co**C0®*0,. The calculated entropy at
298.15 K for this spinel is 126.27 J/mol-K, in good
agreement with the reported value of 125.5+0.8 J/mol-K.

The enthalpy of formation of CoFe,0, from solid CoO
and Fe,0; was measured by Navrotsky and Kleppa® at 973
K wusing 2PbO-B,0s solution calorimetry. Their measured
value, -24.610.9 k}/mol, is less negative than the optimized
value in the present study,

-30.86 kl/mol, which is necessary to reproduce the
measured phase diagrams as discussed below in Section
HI(2)(C). »

The thermodynamic properties of CoFe,0, spinel were
reproduced by the optimized parameters of the Gibbs
energy expression for the hypothetical completely normal
end-member (Co®")[Fe*"],0,4 (see Gy in Table T) and by

the magnetic parameters S, Buy» Tey and T, in

Table 1. There are no experimental data for the
thermodynamic  properties of  the hyzpothetical
(Fe*)[C0**1,0,4 end-member, since Fe?* and Co®* are not
stable together, but react to form Fe** and Co?*. Therefore,
the Gibbs energy of this end-member has been estimated
assuming that the Gibbs energy of the reciprocal reaction
Fe;04+Co030, = FeCo,0,4+CoFe,0y is equal to zero (C"pc:EH
= 0 in Table I). For the same reason, no experimental data
are available on the cation distribution in the simple spinel
containing mainly Fe** and Co®. Since the present spinel
model reduces to the model of O’Neill and Navrotsky® as a
limiting case, the parameter Crppp Was set equal to the
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value of 40 kJ/mol recommended by these authors for all 2-
3 spinels.

(B) Cobaltowustite

Aukrust and Muan® measured the non-stoichiometry
of cobaltowustite as a function of oxygen partial pressure at
1200°C using thermogravimetry. The results were verified
by measuring the amounts of Fe’* and Fe** in quenched
samples by chemical analysis. However, the equilibrium
phases were not identified and some of the experimental
points probably corresponded to the (cobaltowustite +
spinel) or (cobaltowustite + alloy) two-phase regions.
Raeder ef al.,*! Subramanian e al.*’ and Maksutov® also
investigated the non-stoichiometry of cobaltowustite using
the same technique. The experimental data are compared
with the calculated lines in Fig. 10.

Benard® measured temperatures of dissociation of
cobaltowustite solutions to spinel and alloy using
quenching experiments and phase determination by X-ray
diffraction. These results were later confirmed by
Maksutov.” Touzelin®® also mentioned the dissociation of
cobaltowustite. Fig. 11 shows the calculated dissociation of
cobaltowustite into Fe-Co alloy and spinel. The calculated
curve is in excellent agreement with the experimental data.

The activity of CoO in the cobaltowustite phase
saturated with Fe-Co alloy was measured by several
researchers®®”!  (see Fig. 12). Aukrust and Muan®
equilibrated cobaltowustite and Fe-Co alloy at 1200°C
under controlled oxygen partial pressures. The
compositions of the cobaltowustite were determined from
X-ray measurements of lattice parameters. However, no
details were given about the measurements of the alloy
compositions.  Seetharaman and Abraham® measured
oxygen partial pressures over mixtures of cobaltowustite
and metallic Co using an emf technique with ThO,-Y,0;
solid electrolytes at temperatures between 800° and 1000°C,
and reported the activity of CoO in cobaltowustite.
Although the compositions of the cobaltowustite and
metallic phases must have changed during the experiments,
no mention was made whether or not the phases were
analyzed after the experiment. The reported activities
deviate further from ideal solution behavior than those
reported by other authors. Furthermore, the activities
measured at 800°C may be in error due to possible
decomposition of cobaltowustite into spinel and alloy (see
Fig. 11). Several other studies®¢”7%"! reported activities of
CoO which are in good agreement with those of Aukrust
and Muan.® Ringsdorff’? obtained CoO activities at higher
oxygen potentials, but these were not at saturation with the
alloy phase. Viktorovich et al®  equilibrated
cobaltowustite and alloy at 1000°C and measured the
contents of Co in both phases by chemical analysis.
However, these data were rejected in the present study
because they show negative deviations of the CoO
activities from ideality, contrary to all other studies shown
inFig. 12.



All thermodynamic and phase diagram data related to
cobaltowustite were optimized simultaneously using just

00 L
one model parameter g ., c0,, Whichis given in Table L.

(C) Phase diagrams

Calculated phase diagrams of the Fe-Co-O system
(oxygen partial pressure versus molar Co/(Fe+Co) metallic
ratio at temperatures from 900° to 1300°C) are shown in
Fig. 13 along with all available experimental data.

Thermogravimetry was used to measure phase
boundaries in several studies.”””*”” The weight change was
recorded during the reduction of initial samples by inlet gas
mixtures of controlled oxygen partial pressure, and phase
boundaries were observed from the change of slope of
recorded weight loss. No solubility of CoO in Fe,O; was
observed by X-ray lattice parameter determination.”

Carter’® and Schmalzried and Tretjakow” measured
the oxygen partial pressure for the dissociation of spinel to
cobaltowustite by an emf technique. The same phase
boundary was obtained by Shchepetkin and Chufarov®
using equlhbratxon with CO/CO; gas mixtures. Lundberg
and Rosen® equilibrated spinel and cobaltowustite at fixed
oxygen partial pressures at 1023°C and determined the
compositions of both the spinel and cobaltowustite phases
by EPMA (WDS). Roiter and Paladino®® measured the
cobaltowustite phase boundary in equilibrium with spinel at
high oxygen partial pressure controlled by a mercury
manometer. They also identified the equilibrium phases in
quenched samples of various Co/(Co+Fe) ratios in air by
XRD in order to determine the cobaltowustite phase
boundary more accurately. Aukrust and Muan®** used both
thermogravimetry and a quenching technique to determine
the phase diagram at 1200°C. In the case of the quenching
experiments, the compositions of spinel and cobaltowustite
were  determined from  X-ray lattice parameter
measurements. Slmllar quenching experiments were
performed in air.** The phase dlagram 1n air below 1100°C
was also studied by Robin and Benard® using a quenching
technique followed by X-ray phase identification. A
miscibility gap in the spinel phase was detected as can be
seen in Fig. 14,

The calculated phase diagrams in Fig. 13 are in good
agreement with the experimental data except for the
experimental points of Aukrust and Muan® obtained from
the X-ray measurements of the cobaltowustite
compositions. The latter are subject to large experimental
errors due to the small difference between the lattice
parameters of Fe,O and CoO in the rocksalt structure. The
compositions were estimated from the measured d-
spacings, dye. The reported value of d,gy of Fe,O saturated
with Fe was 2.153% and that of CoO was 2.137.% The
difference between the two is comparable to the error in the
dago measurements as can be seen from similar data reported
for the CoO MnO and CoO-MgO solutions by the same
authors. On the other hand, the composition of the spinel
phase can be accurately determined from X-ray lattice
parameter measurements due to the strong dependence of
the spinel lattice parameters on composition.
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Fig. 14 shows the calculated phase diagram of the Fe-
Co-O system in air. As mentioned above, the compositions
of the cobaltowustite phase determined from the X-ray d-
spacing measurements®*® are not accurate. The phase
boundary bracketed by Roiter and Paladino® using XRD
phase identification is more reliable. The calculated
miscibility gap in the spinel phase is only in fair agreement
with the experimental one reported by Robin and Benard®
based on quenching followed by XRD phase determination.
It should be noted that no primary experimental results
were given by the authors, and the flat shape of the
proposed miscibility gap (dotted line in Fig. 14) seems
unlikely. The calculated miscibility gap is affected most by
the optimized parameter Cep.cu of the spinel model (see
Table I). One more Gibbs energy of a reciprocal reaction,
the parameter Cuce, Was optimized to reproduce the phase
diagrams in Figs. 13 and 14, and two other parameters of
the spinel model, Grern and Ce: EH, Were set to zero. Also,
as mentioned above, the enthalpy of formation of CoFe,0,

was also optimized (via the H ;)98_15 parameter of Gey in

Table I} in order to reproduce the phase diagram data.

The calculated phase equilibria between liquid Fe-Co
alloy and slag at 1600° and 1660°C are shown in Fig. 15.
The calculated curves are in good agreement with the
experimental data of Jander and Krieger®® who used a
quenching technique followed by chemical analysis of each
phase.

Iv. Applications

To produce magnetic and electronic materials,
CoFe,Oy is synthesized using different techniques such as
vacuum evaporation, sputtering, the sol-gel method,
molecular beam epitaxy, etc. However, after synthesis it is
commonly annealed at temperatures from 500° to 800°C in
order to homogenize the materials. As can be seen from
Fig. 13, synthesized CoFe,0, may partially transform to
Fe, 03 or cobaltowustite during annealing,

Fig. 16 shows the calculated stability range of spinel of
three compositions: pure CoFe,0,, (95 mol % CoFe,O, + 5
mol % Co30y), and (95 mol % CoFe,04 + 5 mol % Fe;0.).
As can be seen, the stability region of spinel varies
significantly with temperature, oxygen partial pressure and
composition. Therefore, during the annealing process the
oxygen partial pressure of the system should be carefully
controlled in order to stay within the single-phase spinel
field.

Furthermore, samples  synthesized at lower
temperatures generally have non-equilibrium cation
distributions, which are highly dependent on the
synthesizing technique. However, during an annealing
process at higher temperature, cations may redistribute
between the tetrahedral and octahedral sites and approach
the equilibrium site occupancies, which can be calculated
using the results of the present study. For example, Fig. 17
shows the calculated equilibrium cation distribution in
Fe;0,4-Co30, spinel solutions at 700°C at saturation with
cobaltowustite.



Y. Conclusions

All available thermodynamic and phase equilibrium
data for oxide phases in the Fe-Co-O system have been
critically assessed. An appropriate thermodynamic model
has been developed for each oxide phase, and a self-
consistent set of model parameters has been optimized to
reproduce all the data within experimental error limits in
the temperature range from 25°C to above the liquidus and
for oxygen partial pressures from metal saturation up to 100
bar. The database of model parameters can be used with
general thermodynamic software, such as FactSage“, in
order to calculate the thermodynamic properties, the
distribution of cations in the spinel solution, and phase
equilibria for temperatures, compositions and oxygen
partial pressures where experimental data are not available.
In particular, this can be useful for a better understanding
and optimization of the properties of magnetic materials.
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Table 1. Optimized enthalpy, entropy and heat capacity of stoichiometric compounds and model parameters for
cobaltowustite and spinel. (J/mol and J/mol-K). (Enthalpies are relative to elements at 298.15 K, entropies are absolute Third

law entropies.)

Compounds* Temperature  Hygg 15 Siosisk Cr
range (K)
CoO (solid) 298-1600 -237735.0 52.993 55.383 — 0.00642127 + 7.05602E-6T° + 368007
1600-2103  -237808.25 52936 58.383 - 0.0104945T + 8.47007E-6T° — 2261807
. 298-1300 -203885.11 68.050 55.383 — 0.0064212T + 7.05602E-61° + 3680072
CoO (liquid)
1300-3000 -221573.25 413762  73.098

Cobaltowustite: CoO-FeO-FeO, 5

%0 e, = 20920 Jmol

The polynomial “g” parameters are defined in Reference 8.



(Table I - continued.)
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** Spinel: (Co™, Co™, Fe™*, Fe’")[Co™*, Co™", Fe’*, Fe’*, Va],0,

T:zlgzrzllt%re H 2098.15 K S;98.15 K Cr
Gen* 298-2500  -1072898.0 1459781  -218.62 - 200007
298-900 9144132 109.2860 262.5+0.017 - 2.50E+87 2 + 588.576{'0'5
s 0001200 9164309  107.9451 5 ogi] ¥ EAHTL-0IOTESTT
1200-1360  -12520070  -26742.73 -9138.843 + 4.1508087 — 6.842919E+9T % - 227.2425T %
1360-2500  -842277.5  173.1809  269.40 — 0.0157+ 1.0E-5T % - 250007 **

Icy= Gun + Guc - 2Gen =-28289.4 + 11.157T
Creen = Gre + Gen - Grn— Gee=0

Grere= Grr + Gre — Gre — G = 40000 *okk
CCE:CE = GCC + GEE - GCE - GEC = 40000 Fokk
o

ICE = GEE + GE(; - 2GCE = 749982.0
Gy =8G; ¢y 0, — 2RT(5I5-6In6) — 5Gigg, where G ¢, o

Ceron = Gee + Grn — Gen — Gre = 20920
QHC:HE = Gun + Gcg — Gug — Gen = -41840
(;FC:FH =Gpr + Gen— G — Ger = 0.0
Cenen = Geg + Gun — Gey — Gus = 0.0

Magnetic properties: ****

Pee = ﬁéE

Top = TéE (Néel temperature)
Ben = Ben

Ty=T ciH (Curie temperature)
P (P factor)

= Geg - G2y +200000.0

0.6
298K
2.87123
784.0K
0.28

Tj (C,/T)dT]

298.15

T
* G=H;9s.|5 + _[ CPdT_T[S;%'*'

298.15

** Notations F, C, E, H, and V are used for Fe**, Co*', Co*",

Fe’* and vacancy, respectively. The Gibbs energies of six

end-members (Gry, Gur, Grr, Gun, Grv and Gyy) and the corresponding model parameters are given in the previous
s‘rudy.3 The Gibbs energies of two other end-members, Gce and Gy, were defined in the optimization of the CoAl O,

simple spinel and will be reported elsewhere.

**% These parameters were determined from the values recommended by O’Neill and Navrotsky.?®

oAk ﬂCE and ﬁéE are the magnetic moments, and 7, and T C'E are the Néel temperatures, of hypothetical

completely normal and completely inverse Co;04 spinel, respectively (see Reference 3). ﬂcn s ,BéH , T, cn and T (iu are

similarly defined for CoFe,0,.
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A Thermodynamic Model for Deoxidation Equilibria in

Steel

IN-HO JUNG, SERGEI A. DECTEROV, and ARTHUR D. PELTON

For relatively dilute solutions of oxygen and a deoxidizer M (M=Al, Cr, Ca, Mg, ...) in molten Fe,
a thermodynamic model is proposed wherein the dissolved species are M*Q associates as well as
unassociated M and O atoms. At higher metal concentrations a small amount of M,*QO associates
also form. Experimental deoxidation equilibria for 15 deoxidizers M are quantitatively reproduced
at all temperatures, with only a constant, temperature-independent and composition-independent
parameter for the Gibbs energy of formation of each associate. The deoxidation behavior of Mg
and Ca is elucidated for the first time. The parameters are stored in a database which can be used
to predict complex deoxidation equilibria in multicomponent steels.

I INTRODUCTION

THERMODYNAMIC  equilibria  during  the
deoxidation of steel are usually treated by the well-known
interaction parameter formalism of Wagner.!! In Al-
deoxidation, for example, for the equilibrium among
dissolved Al and O and pure solid Al,0;:

2A1+30 = Al,0,(solid) (1]
the equilibrium constant is written as:

1
(X2 X3)F213)

(2]

K ALOy; =

where X, and X, are the mole fractions of dissolved
aluminum and oxygen, and f, and f, are activity

coefficients (relative to the infinite dilution standard state)
given by:

Al ! w2

ALO
Py XA;IXQ +....

o 0 2 Al Al 12
lan =80XQ +p0XQ +80 XA_[ +p0 X£4_1+

(4]

0,41
Po XQXA_I +..

where the € and p coefficients are called first- and second-
order interaction parameters. Note that &9, =¢4'. Other

interaction parameters may be included in the expansion to
account for interactions with other alloying elements.
In order to reproduce the measured data, it is necessary

. . o o Al
for the cross-interaction parameters €,,, P,;, and p; to

be very negative in order to account for the very strong
attractive interaction between dissolved Al and O atoms.
Furthermore, in order to reproduce the measured data over

a range of temperature, the interaction parameters must
generally have a strong empirical temperature dependence,
usually expressed as:

e=a+b/T [5]

(and p = ¢ + d/T). By using many empirical parameters, it is
often possible to reproduce the measured equilibria over a
limited range of temperature and composition. However,
the resultant equations extrapolate very poorly outside this
range. In the case of very strong deoxidants such as Ca and
Mg, the interaction parameter formalism has proven
incapable of providing a satisfactory description of the
deoxidation equilibria even over the temperature and
composition range of the measured data.

The weakness of the classical Wagner formalism lies
in the assumption that the dissolved Al and O atoms are
independent, randomly distributed particles. The very
negative cross-interaction parameters which are required by
the model indicate that there is a very strong attractive
interaction between Al and O. Therefore, the Al and O
atoms should not be independent randomly distributed
particles, but should rather exhibit a strong tendency to
form dissolved AI*QO “associates” or “molecules.”

The following equilibrium among the dissolved
associates and dissolved unassociated Al and O atoms may
be written:

Al+0=AI*O [6]

Because of the mass action law, in dilute solution small
associates are much more probable than larger ones.
However, at very high aluminum concentrations, some
larger A,*O associates may also form:

2A1+0 = AL*O 7

(Since the total dissolved oxygen content is never large, the
concentration of Al*O, associates is always negligibly
small.) The total concentration of dissolved oxygen is then
given by the sum (Xo + X 4vp + X 450), Where X, is



now the mole fraction of dissolved unassociated oxygen,
and X 449 and X, .o are the mole fractions of dissolved

associates. Similarly, the total concentration of dissolved
aluminum is given by the sum (X 5 + X 40 +2X 440 )-

In the present model, these associates are explicitly taken
into account.

Equilibrium constants may be written for reactions [6]
and [7]:

X q1v0
Ko == [£]
SuX g Xo)
K X a1,%0 (9]
A0S T30 o o
= fRXGXy)
where [ Al is given simply as:
Al
lnf_/ﬂ=8AlX-A_I [10]

That is, only the first—order self-interaction coefficient 8::
is required. This is small, and can be obtained from data for
the (oxygen-free) Fe-Al binary system. The activity
coefficients f,, fyso and f, s are all assumed to be

unity. That is, all interactions between dissolved Al and O
are taken into account by the two equilibrium constants
K y»0 and K, +o which are the parameters of the new

model. Furthermore, it is assumed that RTInX 4., and

RTInK 449 are both constant and independent of

temperature. In the new model, with only these two
temperature-independent parameters, it is possible to
reproduce the data very well over the entire measured range
of composition and temperature for Al deoxidation and,
analogously, for Mg, Ca and all other deoxidation
equilibria. Furthermore, the equations extrapolate well
outside these ranges.

In the present model, the temperature dependence of
the measurements is explained as a purely configurational
entropy effect, due to the formation of associates, and is
reproduced by the temperature-independent (i.e. enthalpic)
parameters RTInK 44y and RTInK 4 4. In the Wagner

formalism, on the other hand, one is usually obliged to
introduce non-configurational entropy effects through the
use of unreasonably large empirical temperature-dependent
parameters as in Eq.[5]

Calculations using the new model can be performed

simply with a hand calculator when the parameters sj} ,

Ko and K, +, are given. Choosing a value of X 4,
one first calculates f,, from Eq.[10]. Equation [2] is then
solved to give X, and finally Eqs.[8] and [9] are solved to
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give X vo and X .. The total dissolved oxygen and

given by the  sums
(XA_[ +XM +2XA]2*0)

aluminum are then
(XQ +XAI*O +XAIZ*0) and

respectively.

In the following section, the model is developed
rigorously for the general case. In subsequent sections, the
model is applied to the most important deoxidation
systems, and optimized model parameters are derived. In
particular, deoxidation equilibria involving Ca and Mg are
elucidated for the first time.

1. THE MODEL

This work is an extension of a model described by
Bouchard and Bale” and by Heuzey and Pelton™ and
based upon a suggestion by Blander./

Consider a ternary liquid solution Fe-M-O, where Fe is
the solvent and M is a metal solute. The solution is
assumed to contain dissolved unassociated M and O atoms
as well as molecules (associates) M*Q and, in some
systems at the highest concentrations of M, a small amount
of My*O associates. The equilibria among the dissolved
associates and the dissolved unassociated M and O atoms
are represented by:

M+0=M*0

Agiro =—RTIK pyup = 83400 =841 — 80 (1]
2M+0=M,*0

Aghrs0 =—RTINK yy 20 = 831 +0 ~ 283 — 80 [12]

where the g/ are standard Gibbs energies in the infinite

dilution (Henrian) standard state.
Dissolved species are underlined (M and Q) to
distinguish them from the total amount of M and O in

solution. Hence, n,, and n, are the numbers of moles of

unassociated M and O atoms, while 7, and n, are the

total numbers of moles of M and O in solution. From mass
balance considerations:

Mpp =Ny +Rppeg + 20000 [13]

nO :nQ+nM+nM2*O [14_]

Let ng, = ng, be the number of moles of solvent. Species

mole fractions X; may be defined as:

X = Ry + g +Npgsg + Mg v +1g,) (15]



(i=M, O, M*O, M*Q, Fe), while overall component mole
fractions Xi are defined as:

X, =n;/(ny +ng+ng,) [16]
(i=M, O, Fe). Note that although np, = Mge > Xp, # X&.

The total Gibbs energy of the solution is then given by
assuming random mixing of all species:

G =(n£€gj’¢e +nMg1°u +an8 +”M__*08X/1£ +
anxog%z*o)'i'RT(n& lnXLe 'f‘nM— lnXM +

noInX, + 1y X pprp + Mpg o M Xy ) [17]
+RT(nE£1nfE£ +”M_lnfM_ +anan +

nmlnfw +n£‘21nfM2*0)

Substitution of Egs.[11-14] into Eq.[17] yields:

o o (4] o
G =(np8re + Ny & + 1080 + Moo +

\ (18]
nMAgxlz*o)+ RTan- Inx; +RTZn£ In f;

Equation [18] applies in the general case. However, for
all systems in the present study, excellent results were
obtained by assuming:

fQ=fw=fA_4£=1 [19]

M*0

- . . *,
That is, interaction parameters such as &5 ©, erg, efc.

for interactions among the various species were found to be
unnecessary, as was also the case for &5 . The only excess
Gibbs energy terms required were:

In fy =31 Xy ~—%aﬁX2M [20]

1
1nf£§=EeﬁX,_i,_ [21]

As discussed by Pelton,”””! this is a modified form of

the Wagner formalism in which the final term in Eq.[20]
has been included in order to make Eqs.[20, 21] consistent
with the Gibbs-Duhem equation and other thermodynamic
relationships. Such consistency is not found in the Wagner
formalism except at infinite dilution. Note that this
modification does not increase the number of parameters.
For all systems Fe-M-O, the only interaction parameter
used in the present study was the binary first-order
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arameter ¢/ . The bina arameters ¢ and g9 are
% M M M

obtained by evaluation/optimization of available data for
the oxygen-free Fe-M binary systems. The parameters

484y and  Agy. ., are then obtained by

evaluation/optimization of available data for the Fe-M-O
systems. For all systems studied, temperature-independent

(i.e. constant) values of Agj., and 4gj, », were found to

be sufficient.

For quaternary and higher-order systems Fe-M;-M,-
....=0, the extension of the model equations is
straightforward and will not be given explicitly here.

Additional first-order cross-interaction parameters sﬁf

may be required. These may be obtained by
evaluation/optimization of data for the oxygen-free Fe-M,-
M; systems.

A simple technique of solving the model equations
with a hand calculator was described in section 1.
Calculations for multicomponent Fe-M-M,-....-O systems
can be performed similarly. Alternatively, if the model
parameters are stored in a computer database then the
equations can also be solved by Gibbs energy minimization
programs such as are found in standard software packages
such as FactSage,® Thermocalc® and MTDATA.!"” That

is, the numbers of associates n,., and Nyso At

equilibrium are calculated by minimizing G at constant

overall composition, subject to the mass balance
restrictions of Egs.[13, 14]:
(G /0npeg ), oo = 0 [22]
(aG/aan*o)nM’novnM -:O [23]

Finally, the activities of M and Q can easily be shown
to be equal to the activities of M and O (in all cases relative
to the infinite dilution Henrian standard states). Hence:

=Xy fu [24]

a9 =X ofp [25]

Activities of M and O are often reported relative to the
1 weight % standard state. These are related to the activities
relative to the Henrian standard state (Egs.[24, 25]) by:

00M,

a;(wt% std. state) = 1

a;(Henrian std. state)
Fe

[26]

where 1t = O, M, and where M, and M. are the atomic
weights.



IIL. PARAMETERS FOR BINARY
SYSTEMS

The parameters g5,, g5 and &j, were obtained by

evaluation/optimization of experimental data for the binary
Fe-M and Fe-O systems. These are listed in Table I
Several of these critical evaluations were performed as part
of the present study. Details are given in Appendix 1.

1v. EVALUATIONS OF TERNARY FE-
M-O SYSTEMS

In all evaluations, the thermodynamic properties (g; )

of the pure elements (Fe, M, O,) and the pure solid
oxidation products (ALO;, SiO,, Ca0....) were taken from
the FactSage 5.1 database.”® For molten oxide inclusions
and slags, as well as for solid Fe;04-FeCr,04 and Al,O;-
Cr,0; solutions, component activities as a function of
composition were also obtained from the FactSage 5.1
databases™ which have been developed by critical
evaluation and modeling of thermodynamic data from the
literature.

A. Fe-Al-O System

Several authors!'''®) have measured the total Al and O
contents of liquid Fe in equilibrium with solid Al O;. These
“deoxidation equilibria” from several selected authors are
shown in Figure 1. Experiments were generally performed
in ALO; crucibles, and Al and O contents were measured
by ICP or other techniques. Some authors measured oxygen
activities in equilibrium with ALO; either by equilibration
with Hy/H,0 mixtures!"'"'?) or by emf techniques.'> "}
Selected results are shown in Figure 2.

The deoxidation equilibrium may be written as in
Eq.[1], with an equilibrium constant as in Eq.[2]. In an
ideal Henrian solution of only unassociated Al and O, then,
one would expect the oxygen content to decrease
continuously as the dissolved Al content increases. This is
indeed the case for low Al contents where most of the
oxygen is dissolved as free O. However, at higher Al
contents, most of the dissolved oxygen is in the form of
Al*O associates because the equilibrium constant of
reaction [6] is very large, and the principal deoxidation
equilibrium becomes:

3A1*O = AL,O;+ Al
K=(X 4 f a) (X o firo) [27]

Since fy and fapo are close to or equal to unity, an
increase in the total dissolved Al content now results in an
increase in Xa»o and thus in an increase in total dissolved
oxygen. Hence, a “deoxidation minimum” is observed in
the curves of Figure 1. (Note that the axes in Figures 1 and
2 give the total dissolved Al (as AI+AI*O+2AL*Q) and, in
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Figure 1, the total dissolved oxygen (as O+AI*O+AL*Q)).
Therefore, if the Gibbs energy of formation of the
associates is sufficiently negative, a deoxidation minimum
will be observed for a deoxidant M whenever the
deoxidation product M, Oy has a ratio (3/x) > 1.

Values of 4gj+o and A4g7, +, were optimized (Table

I) to reproduce the experimental data. The curves in
Figures 1 and 2 are calculated from these parameters.
Although the parameters are constant, independent of
temperature, the temperature dependence of the data is very
well reproduced by the model.

It can easily be shown that the assumption of the
higher associate AL*Q only has a visible effect on the
calculated curves when log[wt% total Al} > -0.3. Even at
higher Al concentrations, an acceptable fit can be obtained
without considering the formation of AL*O.

Previously, Sigworth and Elliott"” modeled this
system using Eqs.[3,4] without considering the formation

. . (6] .
of associates. A very negative parameter &,; was required,

with a temperature dependence chosen to fit the data. The
deoxidation equilibrium at 1600°C, calculated by their
model, is shown in Figure 1 by the dashed line. Clearly,
their model cannot be extrapolated outside the composition
range of the data. On the other hand, with the present
model, extrapolations both in composition and temperature
are reasonable.

B. Fe-Cr-O System

Similar selected data®™?® for deoxidation equilibria in
the Fe-Cr-O system are shown in Figures 3 and 4 along
with curves calculated from the model with the optimized,

temperature-independent values of Agg,«o and 4g¢,.xo

shown in Table II. In this case, a spinel solution FeCr,0,-
Fe;O4 (rich in FeCr,O;) and Cr,O; are the stable
deoxidation products at low and high Cr contents

“respectively. The transition point is calculated at log[total

wt% Cr] = 0.65 (wt% Cr = 4.5) in agreement with the
observations (by XRD or EPMA)2%2+2"2] which place this
point between 2 wt% and 5 wt% Cr.

C. Fe-Mg-O, Fe-Ca-O and Fe-Ba-O Systems

Mg, Ca and Ba are very strong deoxidants. Until now,
their deoxidation behavior has never been modeled
satisfactorily.

Han et al®” and Seo and Kim®™" equilibrated Fe,
initially containing several hundred ppm oxygen and held
m an MgO crucible, with Mg vapor (in equilibrium with
liquid Mg in a Mo cup at another temperature), all in a
sealed Mo chamber. Equilibrium was achieved after several
hours. The system was then quenched and the metal was
analyzed for dissolved Mg and O. Results are shown in
Figure S. Similar experiments were performed by Ito et
al® in open MgO crucibles under Ar with additions of Mg



wrapped in Fe foil. The results are not at all in agreement
with those of Han et al®” and Seo and Kim.”! Since the
experiments of Han et al and Seo and Kim were performed
in closed crucibles and are in agreement with each other,
they have been selected in the present study.

For the Fe-Ca-O system, Seo and Kim"™ performed
similar experiments in closed Mo containers. Gustafsson
and Mellberg?®¥ and Ototani et al®” used open containers,
but maintained high Ar pressures to reduce Ca losses. The
results of Miyashita and Nishikawal® and of Han et al®”
may have been influenced by sulfur contamination, while
the samples of Ozawa®! may have been slightly
contaminated by Al. Results from these six studies are
shown on Figure 6. Other authors have also reported
deoxidation equilibria in this system.*>**4%

Results of Kato et al*!! for the Fe-Ba-O system are
shown in Figure 7. Measurements were made under Ar in
CaO crucibles in the presence of BaO. Although Wang et
al™ reported measurements in sealed Mo containers, the
considerable amount of S in their samples may have
influenced their resuits.

Several authours?****?414345] have attempted to model
the data in Figures 5 to 7 using the interaction parameter
formalism (like Eqgs.[3, 4]) without considering the
formation of associates. Very large negative temperature-

[33]

dependent first- and second-order parameters 81?,1, 91?4:
pﬁ 0 (M=Mg, Ca, Ba) were used: (for example, sﬁg= -

10000 to -40000 and ¢Z,= -10000 to -90000.)

Furthermore, most authors also had to adjust the
equilibrium constants K., and K, for the formation

of solid MgO and CaO by two or three orders of magnitude
from their literature values in order to fit the data. However
Turkdogan®” has shown that this is not permissible
because the accepted literature values of K)o and K¢,

are quite accurate. The solubility (deoxidation) curves
calculated from these models all have strange shapes, some
with minima and maxima, and even one in the form of a
circle.®” The model of JSPS™ is the most widely used.
The “deoxidation curve” calculated from this model, and
reported in the literature, is shown in Figure 6 by the
dashed line. However, in Appendix II we show that this
curve is actually an unstable solution of the interaction
parameter formalism. The true stable solution actually lies
at extremely low (< 0.01 ppm) Ca and O contents.

The curves drawn in Figures 5 to 7 were calculated
with the present model, with only one assumed associate
M*O (M = Mg, Ca, Ba), with temperature-independent
values of Agj;., (Table II). The shape of these curves may

be explained as follows. Because 4gj+, is very negative,

reaction [11] is displaced very strongly to the right. Hence,
a solution will contain either dissolved M*Q and O species
(but virtually no M species), or dissolved M*O and M
species (but virtually no Q species). Suppose we start with
Fe containing a high concentration of dissolved oxygen at
1600°C and begin adding Ca (see Figure 6). At first the Ca
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reacts with the oxygen to form Ca*Q associates, leaving
virtually no free Ca in solution. When the concentration of
Ca*Q reaches ~ 17 ppm it attains equilibrivm with solid
CaO:

Ca*Q =Ca0O [28]

As more Ca is added to the metal, it reacts with
dissolved oxygen to precipitate CaO; the concentration of
dissolved oxygen thus decreases, while the concentration of
Ca*0O remains constant (and the concentration of total
dissolved Ca remains nearly constant). This results in the
nearly vertical section of the deoxidation curve in Figure 6.
When the total dissolved oxygen content has been reduced
to ~ 5 ppm, the concentrations of free dissolved O and Ca
are both extremely low, and Ca*Q associates are virtually
the only species in solution. Further addition of Ca thus
serves only to increase the free Ca concentration, with
virtually no further precipitation of CaO; hence the nearly
horizontal section of the curve in Figure 6.

D. Other Fe-M-O Systems (M =V, Ti, Si, Mn, B, Nb, Ta,
Ce, La, Zr)

The model was applied to several other Fe-M-O
systems. The calculated deoxidation curves are shown in
Figure 8 to 20 along with selected experimental data. The
optimized temperature-independent model parameters

Agiyso and Agly v are listed in Table I1.

In the discussion following Eq.[27] it was shown that
equilibrium with an M*QO associate can result in a
deoxidation minimum (as in Figures 1 and 3) provided that
the deoxidation product MO, has a ratio (y/) > 1. It is for
this reason that the curves in Figures S to 7 (where M=Mg,
Ca, Ba) do not exhibit minima. In the Fe-V-O and Fe-Ti-O
systems, the deoxidation curves in Figures 8 and 10 exhibit
minima at very high metal contents. Since the equilibrium
deoxidation products at the highest metal contents are VO
or TiO, this would seem to contradict the rule. However, at
such high V or Ti contents, the concentrations of V,*O and
Ti;*O associates are large and the principal deoxidation
equilibria are:

M,*0 = MO+ M [29]

(where M = V| Ti). Hence, an increase in total dissolved M
will result in an increase in M,*Q content and thus in an
increase in total O content.

As shown in Figures 22 and 23 for the Fe-Ce-O
system, some authors reported Ce,O; as the equilibrium
deoxidation product and some reported CeO,. The
calculations indicate that Ce,0j is the expected product.

V. MULTICOMPONENT SYSTEMS

The model has been used to predict deoxidation
equilibria in multicomponent systems, using only the



binary and ternary parameters listed in Tables I and I along

with some first-order cross-interaction parameters e%z.
i

These parameters eM> | which can be obtained from

2
M, >
evaluation/optimization of the ternary oxygen-free Fe-M,-
M, systems, have only a small effect on the equilibria.

¢S5 =13111/T, &5l = ~6153/T were taken from JSPS!*/,

while ¢4 =-13072/T and &Y =-23220/T were

optimized in the present study from the data of Sponseller

[96]

and Flinn®? and of Song et al.®”! All other cross terms eﬁf

were set to zero. In previous studies'”*!) the parameters

aﬁf were frequently adjusted so as to reproduce measured

deoxidation equilibria. With the present model, this is no
longer necessary; the deoxidation equilibria in the
multicomponent systems are predicted with no additional
adjustable parameters.

The equilibria reported by Heinz et al®*” for Al-
deoxidation of Fe-25%Cr-2%Si-0.7%Mn stainless steels
are shown in Figure 28 along with curves calculated by the
model. The deoxidation product is an Al,0;-Cr,0; solid
solution.

Deoxidation equilibria in the Fe-Ca-Al-Si-O system,
with the metal in equilibrium at 1600°C with a (53.6wt%
CaQ — 16.9wt% Si0Q; — 29.5wt% Al,03) liquid slag, as
reported by Tamura and Suito”® and Cho and Suito,!”" are
shown in Figure 29 along with curves calculated by the
model. Agreement is within experimental error limits.
Agreement is equally good with similar measurement
performed by the same authors with slags of other
compositions.

Calculated equilibria for Al-deoxidation of Fe-20%Cr-
10%Ni stainless steels are compared with measurements!”®)
in Figure 30. The deoxidation product is an Al;03-Cr;Os
solid solution. The present associate model was not applied
to the Fe-Ni-O system because the tendency to form Ni*O
associates is very small. The interaction between dissolved
Ni and O was simply modeled with an interaction

parameter &%, = 2622/T taken from JSPS."! Other

reported deoxidation equilibria for Fe-Cr-Ni stainless steels
with Al, Cr, Ti, efc. deoxidants were also well predicted by
the model.

An inclusion diagram for the Fe-Al-Ca-O system at
1600°C, as calculated by the model, is presented in Figure
31. The curves show iso-oxygen content lines from 5 to 50
weight ppm oxygen. A deoxidation minimum is clearly
seen. The equilibrium deoxidation products are also
indicated on the diagram. It can be seen that the equilibrium
deoxidation product is nearly independent of Al content,
depending only on the Ca content. When log[wt% total Ca]
>-2.9 (i.e. total Ca > 13ppm), solid CaO is the deoxidation
product, and the oxygen content is 5 weight ppm. At higher
total Ca contents the oxygen content does not decrease
below 5 ppm. This behavior can be understood with
reference to Figure 6. where the nearly vertical and nearly
horizontal branches of the deoxidation curve occur at ~ 13
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ppm Ca and ~ 5 ppm O respectively. Since CaAl,O4 melts
congruently at ~ 1605°C, a similar diagram calculated
above 1605°C would not contain the CaAl,O, region.
Similarly, since the CaAl,0,-CaAl,O; eutectic temperature
is ~ 1595°C, a diagram calculated below 1595°C would not
contain the lower “Liquid slag” region. Several authors
have measured the line along which solid CaO and liquid
slag co-exist as well as the line along which either
(slag+CaAl,Oy) or (slag+CaAl,O;) co-exist. Measurements
were performed in CaO crucibles in the first case, and
Al O; crucibles in the second case. The data points are
plotted on Figure 31. Within the large experimental scatter,
these results confirm the model calculations.

VL DISCUSSION

Available data strongly indicate that metal solutes in
molten Fe also form associates M*S and M*N with
dissolved sulfur and nitrogen. We are currently applying
the present model to these systems.

The present model is actually a simplified limiting case
of the more general quasichemical model.®® In the more
general model, the atoms Fe, M and O all occupy lattice
sites and the expansion for the configurational entropy is
given by a random distribution of Fe-Fe, M-M, O-0, Fe-M,
Fe-O and M-O nearest-neighbor pairs over “pair sites”. The
parameters of the model are the relative energies of the
various pairs. Hence, if the energy of forming M-O pairs is
very negative, then their formation is favored. For
relatively dilute solutions, and when M-O pair energies are
significantly more negative than Fe-O pair energies, the
present model can be shown to be a limiting case of the
more general model. An advantage of using the more
general model is that systems such as Fe-Ni-O, in which
Ni-O pair energies are of the same order or weaker than Fe-
O pair energies, can be treated by the same model as
systems with strong M-O pair energies. The advantage of
the present model is its conceptual and calculational
simplicity.

In order to permit the prediction of the associate
formation energies 4gjyso for deoxidizers M for which no

or few deoxidation equilibrium data are available,
correlations were sought between Agj.., and other data

such as the Gibbs energies of formation of the
corresponding pure solid or liquid oxides. Surprisingly, the
most satisfactory correlation was found with the standard
electrode potentials of the metal ions M™ in aqueous
solution as shown in Figure 32. Note that a point for “Fe*O

associates” at Ag7.+, =0 also falls on the line in Figure
32. No explanation of this unexpected correlation is
proposed.

No deoxidation data are available for thorium, which
has been proposed as a potential deoxidizer. However, a

value of Agi,,_iQ is predicted from Figure 32. This value

can be used to calculate a predicted deoxidation curve for
the Fe-Th-O system.



The present model is stored as a database of the
FactSage software® and can be used together with other
FactSage databases for oxides, slags, gases, efc., to
calculate complex multiphase, multicomponent equilibria
during steelmaking processes.
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APPENDIX I

Optimization of Henrian Activity
Coefficients and Interaction Parameters in
Binary Fe-M Systems

A. Fe-Ba, Fe-Ca and Fe-Mg Systems

These three system were studied in the same
laboratory."** Sealed Mo crucibles were used, with liquid
Fe in a high temperature zone at 1600°C, and liquid Ba, Mg
or Ca in a low temperature zone, with saturation of the Fe
occurring via vapor transport. Other authors such as
Sponseller and Flinn®®" did not used sealed containers.
Results are shown in Figures 33 to 35 along with the
optimized curves. In all such curves (in Figures 33 to 44)
the intercept at Xy = 0 gives the Henrian infinite dilution

.. . 1
activity coefficient In )’X,, = 'RTT‘ ( g}(i/[ (Henrian std. state) ~ g;l)/[ (Pure

: M
element std. state)) and the slope is Epy -

In the Fe-Ba and Fe-Ca systems, because of the scatter
of the data, the composition dependence of In(Py/X;) cannot
be determined. Hence e and £5° were set to zero. From
the experimental points in Figure 35, a least-squares line

with slope aﬁg =—493 and intercept at Xy, = 0 of 7.35 can

be determined. However, this value of e%g is so negative

as to be unbelievable, the most negative value of 8&1
reported for any other solute in liquid Fe being sgj =-16.
Therefore, we set aﬁg =0 as in the case of the Fe-Ba and
Fe-Ca systems.

The optimized values of Inyj, and ) are shown in

Table I. When data were available at only one temperature
(as in the case of the Fe-Ba, Fe-Ca and Fe-Mg systems) it

was assumed that RTlIny}, is constant; that is, it was

assumed that the non-ideality is due entirely to enthalpic
effects rather than to non-configurational entropic effects.
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Hence, in such cases Iny}, and ¢/ in Table I are assigned
a temperature dependence of (4/T + 0). In the absence of
data, this is a better approximation than assuming Inyj,

and &5 to be independent of 7.

B. Fe-B, Fe-Ce, Fe-Cr, Fe-La, Fe-Nb, Fe-Si, Fe-Ta, Fe-V
and Fe-Zr Systems

In the Fe-M systems with M = B, Ce, Cr, La, Nb, Si,
Ta, V and Zr, the activities of M in molten Fe-M solutions
have been measured by several authors by equilibrating the
metal phase with the solid oxide MO, and measuring the
oxygen activity either by emf techniques with solid
electrolytes, or by equilibration with gaseous mixtures.
Selected data are shown in Figures 36 to 44 along with the

optimized curves. The optimized parameters Iny3, and ent

are listed in Table I. For internal consistency, the metal
activities were calculated from the measured emf’s or
oxygen pressures using thermodynamic data for the pure
oxides from the FactSage database!® rather than from the
data sources quoted by the various authors.

In the cases of Fe-Nb, Fe-Si and Fe-V, data at
temperatures other than 1600°C are also available, and
these were used in the optimization, thereby permitting the
temperature dependence of the parameters in Table I to be
determined. However, only data at 1600°C are shown in
Figures 40, 41 and 43.

Although only a first-order interaction parameter 8\\,/

was used for the Fe-V system, the evident curvature of the
line in Figure 43 results from the final term in Eq.[20]. The
curvature of the other lines in Figures 33 to 40 and 44 is not
evident because the horizontal axes do not extend to
sufficiently high values of X.

APPENDIX II

Unstable Solutions of the Interaction
Parameter Formalism

Consider the system Fe-M-O where the deoxidation
product is MO (eg. M = Mg, Ca, Ba). Applying a simple

first-order interaction parameter formalism to the solution
we have:

Info =y Xy [30]

Infy =e5 Xp [31]



(where e =¢% and where eg and ¢} are small and
have been ignored). When the melt is in equilibrium with
MO, Ko =(Xy fas - Xofp)™" and

—InKyo =InXy +In Xy +eg (X +Xg) [32]

When Kyo >> 1 and £€<< 0, as 1s the case for a strong
deoxidant like Mg or Ca, this equation has two solutions, a
stable solution at very low Xjy and Xg given by:

and an unstable solution at higher Xy and Xp.

The curve calculated for the JSPS™! model as shown
in Figure 6, and as presented in the literature, is the
unstable solution.
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Table 1. Optimized Henrian activity coefficients and interaction parameters in binary liquid Fe-M systems.
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Pure element

o M
Element Inyy* Ery standard stato Reference
0] -15280/T+3.5 0 G (0.50y) [2]
Al -7596.7/T+1.2 3802.7/T+0.4 L 2]
B 10126.4/T-6.948 0 S This study
Ba 20837.04/T 0 L This study
Ca 14894.9/T 0 G This study
Ce -7103.2/T -29627.6/T L This study
Cr 0 0 S This study
La -3380.5/T 0 L This study
Mg 13774.8/T 0 G This study
Mn 0 0 L [99]
Nb 544.6/T -27404.7/T S This study
Ni** -3320.3/T+1.153 11080.2/T-4.012 L [100]
Si -11763.2/T 4026/T+10.25 L This study
Ta -2680.1/T -22788.7/T S This study
Ti -5898.7/T 3467.6/T L [99]
\Y% 1579.9/T-2.484 -2768.9/T+4.876 S This study
Zr -5619.5/T 0 S This study

* RTIn 7;&74 =& K/{ (Henrian Standard State) -8 Xfl (Pure Element Standard State)
ok gNNE— _6659.24/T +2.5592

Table II. Optimized energies of associate formation in liquid Fe.

Element A4g 4o J/mol Ag4,+0 J/mol

Al -108614 -179912
B -33472 -66793
Ba -240922

Ca -305828

Ce -192464

Cr -41840 -62760
La -209200

Mg 218272

Mn -20920

Nb -60668 -133888
Si 0

Ta -20920 -104600
Ti -96145 -142256
v -49371 -104600
Zr 167360 251040
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FeCr;0,-Fe;0, solid solution. Lines calculated from model.
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VO(s). Lines calculated from model.
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Computerized thermodynamic databases for solid and liquid steel, slags and solid oxide
solutions, for large numbers of components, have been developed over the last two decades by
critical evaluation/optimization of all available phase equilibrium and thermodynamic data. The
databases contain parameters of models specifically developed for molten slags; liquid and solid
steel; and solid oxide solutions such as spinels. With user friendly software, which accesses these
databases, complex equilibria involving slag, steel, inclusions, refractories and gases
simultaneously, can be calculated for systems with many components, over wide ranges of
temperature, oxygen potential and pressure. In the present article, several case studies will be
presented, illustrating applications to complex steelmaking processes such as: Ca injection
processes (Fe-Ca-Al-O inclusion diagram), corrosion of refractories, Mn/Si deoxidation, Ti/Al
deoxidation (Fe-Al-Ti-O inclusion diagram), spinel formation (Fe-Mg-Al-O inclusion diagram),
(T1,N)(N,C) inclusion formation, oxide metallurgy.

KEY WORDS: thermodynamic databases, inclusion control, inclusion engineering, inclusion

diagram, deoxidation, corrosion of refractories, oxide metallurgy, FactSage™.

1. Introduction

Inclusion control is the key to the production of high
clean or ultra high clean steel. Inclusions appear in steel at
various stages of its production and cause serious
problems: nozzle clogging, breakage of steel wire during
drawing, hydrogen induced cracking (HIC), low-
temperature embrittlement, fatigue failure, degradation of
surface quality and so on. Inclusions can be classified into
two types: endogenous and exogenous. Endogenous
inclusions are mainly formed during the deoxidation
process, while exogenous inclusions are caused by slag
entrapment, breakdown of refractory materials and
reoxidation by air. Moreover, inclusions can be
precipitated due to changes of solubility which occur as
temperature decreases.

Inclusions can be floated and captured by top slags in
secondary steelmaking processes. However, the removal of
inclusions is very limited during these processes due to the
short process time and to the continuous circulation of
liquid steel in the ladle. Therefore, the control of the
composition of inclusions has become crucial in modern
steelmaking processes. That is, since the presence of
inclusions cannot be avoided, it is important to modify their
composition to render them less harmful. Because,
thermodynamically, the composition of inclusions is very
sensitive to the concentrations of even dilute elements
dissolved in the steel, accurate thermodynamic data for
both steel and inclusions are indispensable to the
development of inclusion engineering technology.
Moreover, since the inclusions are composed of complex
oxides, sulfides and/or nitrides, computer databases and

software are essential to perform useful thermodynamic
calculations.

In recent years, thermodynamic modeling has been
actively pursued apace with the improvement of
computational techniques and software. Based on a proper
thermodynamic model for every phase of a given system,
all available thermodynamic and phase equilibrium data for
a system are critically evaluated simultaneously in order to
obtain one self-consistent set of model equations for the
Gibbs energies which best reproduce the data for all phases
as functions of temperature and composition. This
technique has come to be known as thermodynamic
“optimization.” Where data are lacking for a
multicomponent system, the models and optimized model
parameters for low-order (binary and ternary) sub-systems
can be used to provide good estimates.

In this way, the thermodynamic databases are
developed. The databases are then used, along with Gibbs
energy minimization software, to calculate the conditions
for multicomponent equilibrium.

Thermodynamic databases make it possible to perform
versatile thermodynamic calculations within the accuracy
of the experimental data even for regions of composition
and temperature where no experimental data are available.
In the present article, various case studies will be presented
in order to demonstrate the versatility and accuracy of
commercial thermodynamic databases to calculations of
importance to inclusion engineering.

2. Thermodynamic Databases
The selection of proper databases for a given system is
a prerequisite for accurate thermodynamic calculations.



The databases must be thermodynamically self-consistent;
otherwise very erroneous results can often occur.

The FACT databases" for multicomponent oxide, salt,
alloy and aqueous solutions have been developed by
critical evaluation/optimization over the last 25 years. The
databases contain over 4400 compounds and 120 non-ideal
multicomponent solution phases. The FACT databases
were used for the case studies presented in the present
article.

The FACT oxide solution database contains
consistently  assessed  and  critically  evaluated
thermodynamic data for the molten slag phase containing
S10,-Ca0-Mg0O-A1,05-FeO-Fe,0;-MnO-Ti0,-Ti,05-CrO-
CrzO3-NiO-CoO-NaZO—K20~BzO3-Cu20-S-SO4-PO4-H20—
F-Cl and for many extensive ceramic solid solutions
containing these components such as spinel, olivine,
melilite, monoxide, perovskite, wollastonite, efc. The
molten slag phase is modeled by the Modified
Quasichemical Model,™ in which short-range-ordering is
taken into account. This model has been recently
summarized.*”  Ceramic solid solutions are mainly
modeled in the framework of the Compound Energy
Formalism,® taking into account the crystal structure of
each solution. For example, the spinel solution is modeled
taking into account the distribution of all cations and
vacancies over tetrahedral (T) and octahedral (O) sites:
[Fe2+, Fe3+’ Mg2+, A]l3+, Cr2+’ Cr3+]T(Fez+’ FC3+, Mg2+, Al3+,
Cr’*, Va),°0,. The solubilities of S, SO,, PO, H,O, F and
Cl in molten slags were modeled by the Blander-Reddy
Capacity Model.”® In the Blander-Reddy model, dissolved
anions such as S* are assumed to form ideal solutions,
substituting for 0% and Si044' anions in the silicate slag.
From this simple assumption, sulfide, sulfate, etc.
solubilities (capacities) can be predicted with good
accuracy.” Because the thermodynamic model used for
each phase in the database has been chosen with
consideration of the actual structure of the phase, the
predictive ability is very high for estimating the properties
of multicomponent solutions.

Recently, a new FACT database for liquid steel was
developed with a new Associate Model” to accurately
describe deoxidation phenomena in liquid steel. While the
classical Wagner formalism'® for dilute liquid solutions
Fe-M-O assumes that all dissolved elements (M and Q)
exist as separate atoms and are distributed randomly, the
Associate Model assumes that dilute elements which have a
strong affinity for oxygen dissolve as associated molecules
(M*Q), as well as separate atoms (M and O), and that all
species are distributed randomly. The dissolved species are
at equilibrium: M + O = M*Q with Gibbs energy of this
reaction Ag wm»o which is the only model parameter.
Furthermore, it has been found  that Ag m+o 15 independent
of temperature in all cases. The new Associate Model
reflects the actual structure of the solution more closely
than the classical Wagner formalism and gives a much
better description of the configurational entropy. As will be
shown below, the observed Ca deoxidation curve (Fe-Ca-O
system), which is impossible to explain using the classical
Wagner formalism, can be easily reproduced with the
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Associate Model with only one temperature-independent
model parameter. This database has been developed for all
deoxidation systems Fe-M-O (M = Ca, Mg, Ba, Al, Ti, Cr,
V, Mn, Si, B, Ce, Nb, Zr, ....),9) and has high predictive
ability for multicomponent systems.

A complete 14-element (Fe-Al-C-Co-Cr-Mn-Mo-N-
Nb-Ni-Si-Ti-V-W) FACT database for steel alloys will also
soon be available. This database contains fully assessed
data for alloy and carbonitride phases: liquid, fcc, bee, hep,
cementite, laves phase, carbides, sigma phase, etc. This
database is an updated'” version of the SGTE solution
database.'” All solutions in the database were developed
using the Compound Energy Formalism.

The Gibbs energy minimization software of the
FactSage" thermochemical computing system was used to
perform the thermodynamic calculations in this work. This
software can perform equilibrium calculations with up to
32 elements, 30 non-ideal solution phases and an unlimited
number of stoichiometric compounds. The FACT databases
discussed above are automatically accessed by this user-
friendly software. Users can perform complex equilibrium
calculations involving simultaneously, slag, steel,
inclusions, refractories and gases, for systems with many
components, over wide ranges of temperature, oxygen
potential and pressure.

3. Sample Applications
3.1. Ca deoxidation: The Fe-Ca-O system

Fig. 1 shows the calculated deoxidation curve in the
Fe-Ca-O system at 1600°C compared with experimental
data.””'® The curves in Fig. 1 were calculated with the
Associate Model with the assumed dissolved associate
Ca*O, with one temperature-independent parameter, Ag
caro for the association reaction Ca + Q = Ca*Q.

The shape of the calculated Ca deoxidation curve in
Fig. 1 may be explained as follows. Because Ag o is
very negative, the association reaction is displaced very
strongly to the right. Hence, a solution will contain either
dissolved Ca*O and O species (but virtually no Ca
species), or dissolved Ca*O and Ca species (but virtually
no O species). Suppose we start with Fe containing a high
concentration of dissolved oxygen at 1600°C and begin
adding Ca. At first the Ca reacts with the oxygen to form
Ca*O associates, leaving virtually no free Ca in solution.
When the concentration of Ca*Q reaches ~ 17 ppm it
attains equilibrium with solid CaO: Ca*Q = CaO(s).

As more Ca is added to the metal, it reacts with
dissolved oxygen to precipitate solid CaQO; the
concentration of dissolved oxygen thus decreases, while the
concentration of Ca*O remains constant (and hence the
concentration of total dissolved Ca remains nearly
constant). This results in the nearly vertical section of the
deoxidation curve in Fig. 1. When the total dissolved
oxygen content has been reduced to ~ 5 ppm, the
concentrations of free dissolved O and Ca are both
extremely low, and Ca*Q associates are virtually the only
species in solution. Further addition of Ca thus serves only
to increase the free Ca concentration, with virtually no




further precipitation of CaQ; hence the nearly horizontal
section of the curve in Fig. 1.

Several authors'>*'*?? have attempted to model the
Ca deoxidation curve using the classical Wagner formalism
without considering the formation of associates. Very large
negative temperature-dependent first- and second-order

interaction parameters Sga , pga , pg: O were required.
Furthermore, most authors also had to arbitrarily adjust the
equilibrium constant K, for the formation of solid CaO

by two or three orders of magnitude from its literature
value in order to fit the data. In the present calculations,
this was not necessary, and accepted literature values were
used as recommended by Turkdogan® The calculated
solubility (deoxidation) curves by other authors all have
strange shapes, some with minima and maxima, and even
one in the form of a circle.'"¥ The model of JSPS?" is the
most widely used; the “deoxidation curve” calculated from
this model, and reported in the literature, is shown in Fig. 1
by the dashed line. We have shown® that this is actually an
unstable solution of the interaction parameter formalism;
the true stable solution actually lies at extremely low (<
0.01 ppm) Ca and O contents. Hence, we believe that the
present calculations elucidate the deoxidation behavior of
Ca for the first time.

3.2. Modification of solid ALO; inclusions to liquid
Ca0-AlLO; inclusions: The Fe-Al-Ca-O system

Solid AlLO; inclusions formed during the Al
deoxidation process are not easily removed by floating in
the secondary refining process, and thereafter they may
degrade the mechanical properties of the steel as well as
cause nozzle clogging. In order to reduce these harmful
effects, Ca treatment technology is often used, by which
solid AL,O; inclusions are modified to less harmful liquid
Ca0-Al0; inclusions. The globular liquid inclusions can
float more ecasily to the top slag in the secondary
steelmaking process and are less likely to become attached
to the nozzle wall. In order to understand the Ca treatment
process, an inclusion diagram for the Fe-Al-Ca-O system is
essential.

Fig. 2 presents the inclusion diagram for the Fe-Al-Ca-
O system at 1600°C calculated using the thermodynamic
databases. The equilibrium deoxidation products are also
indicated on the diagram and the phase boundaries are
represented as heavy lines. Iso-oxygen content lines from
5 to 50 mass ppm oxygen are also plotted. A deoxidation
minimum is clearly seen near log [mass% Al] ~ -1.2 (i.e.
[Al] ~ 500 mass ppm). It can be seen that the equilibrium
deoxidation product is nearly independent of Al content,
depending only on the Ca content. When log{mass% total
Ca] > -2.9 (i.e. total dissolved Ca > 13ppm), solid CaO is
the deoxidation product, and the oxygen content is 5 mass
ppm. At higher total Ca contents the oxygen content does
not decrease below S5 ppm. This behavior can be
understood with reference to the Ca deoxidation curve in
the Fe-Ca-O system in Fig. 1, where the nearly vertical and
nearly horizontal branches of the deoxidation curve occur
at ~13 mass ppm Ca and ~5 mass ppm O respectively.
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Since CaAl,04 melts congruently at ~1605°C, a similar
diagram calculated above 1605°C would not contain the
CaAl,O, region. Similarly, since the CaAl,0,-CaAl,O;
eutectic temperature is ~1595°C, a diagram calculated
below 1595°C would not contain the lower “Liquid slag”
region. Several authors®*?® have measured the line along
which solid CaO and liquid slag co-exist as well as the line
along which either (slag+CaAl,0,) or (slag+CaAl,O;) co-
exist. Measurements were performed in CaO crucibles in
the first case, and Al,O; crucibles in the second case. The
data points are plotted on Fig. 2. Within the large
experimental scatter, these results confirm the model
calculations.

The newly calculated inclusion diagram differs
significantly from previous diagrams,'**>? in which the
calculated phase boundaries slope upwards to the right.

The inclusion diagram can be applied to the Ca-
treatment for Al,O; solid inclusions. In order to modify the
AL O; inclusions to a liquid CaO-Al, O, phase, at least ~2
mass ppm [Ca] (i.e. log [mass% Ca] ~ -3.7) is necessary,
but the Ca content should be less than ~13 mass ppm (log
[mass% Ca] ~ -2.9) to prevent the formation of a solid CaO
phase. It should be noted that although the Ca treatment for
ALO; inclusions is useful to prevent nozzle clogging and to
absorb inclusions in top slags, the lowest eutectic
temperature in the CaO-AlL,O; binary oxide system
(1413°C) is still much higher than the temperature in the
rolling process. Therefore, the Ca0O-Al0O; inclusions will
be solid and undeformable during the rolling process.

3.3. Formation of CaS inclusions during Ca treatment

During the Ca treatment process discussed above, the
amount of sulfur in the liquid steel is very important
because solid CasS is readily formed. CaS inclusions can be
as harmful as solid ALO;. Therefore, the [Ca)/[S] ratio in
liquid steel should be controlled precisely.*”

Fig. 3 shows the calculated results for the simulation
of CaSi(1:1) wire injection into 100 tonnes of liquid steel
(Fe-0.0035-0.05A1 in mass%) with suspended AlLO;
inclusions. In the calculations, no losses of CaSi (as, for
example, by the volatilization of Ca) are assumed. The
amount of suspended Al,Os inclusions is set at 100 mass
ppm in Fig. 3(a) and 300 mass ppm in Fig. 3(b). As the
CaSi wire is injected, initially solid ALL,O; is converted to
solid CaAl,;0,9 and CaAl,O;. Possible solubility of iron in
these solids was not considered in the calculations.
Thereafter, the liquid oxide inclusions, composed of CaO-
ALQO; with a small amount of CaS, are formed. As the
amount of CaSi increases further, solid CaS and solid CaO
inclusions begin to precipitate and eventually become
predominant. In both Fig. 3(a) and Fig. 3(b), CaS is
precipitated before CaO. The relative amounts of the solid
phases depend on the initial amount of suspended Al O,
inclusions. The more Al,O; is suspended initially, the
higher is the CaO/CaS ratio in the final solid inclusions.
Clearly, more initial [S] in the liquid steel will result in the
precipitation of CaS at an earlier stage, even before the
formation of the CaO-Al,O; liquid if [S] is large enough.



With the aid of such diagrams, the proper amount of
CaSi injection can be calculated, as a function of initial
[Al], [S] and suspended Al Q;, in order to form deformable
liquid inclusions without forming harmful solid oxide or
CaS inclusions.

Clearly, injection of CaSi is also useful for reducing
the S content in steel. Calculated diagrams such as Fig. 3
can also be used to determine the minimum [S] contents
which can be attained without formation of harmful solid
CasS inclusions.

Similar calculations were performed with different
sulfur contents in the liquid steel. The initial composition
of the steel was fixed as Fe-500{Al}-6[0] + (100 ALO;
inclusions) (in mass ppm) with various initial amounts of
[S]. The overall inclusion content was then calculated at
1600°C as increasing amounts of CaSi are added. Fig. 4
shows the calculated trajectories of the overall inclusion
composition. Arrows on the figure show the direction of
the inclusion composition trajectory during CaSi addition.
The general sequence of modifications of Al,O; inclusions
during CaSi addition has been shown in Fig. 3. In Fig. 4 the
composition of first appearance of CaS or CaQ is indicated.
When initial [S] = 10 mass ppm, CaO forms prior to CaS,
while CaS forms first at all other sulfur contents shown.

Experimental results have been reported®*>> in which
some of the trajectories shown in Fig. 4 were followed. It
is not possible to compare these results with the calculated
trajectories because the initial amounts of suspended Al,O4
inclusions were not reported. However, the experimental
and calculated trajectories are in satisfactory agreement.

3.4. Effect of Ca treatment on refractories

When Ca treatment is performed in secondary
steelmaking processes, the injected CaSi wires not only
modify the inclusions but can also react with the refractory
linings in the ladle, especially the bottom lining castables,
because the CaSi wires are often injected deep into the
ladle. Currently, (AL,O;+MgAL O, spinel) type refractory
castables are often used in ladle linings. During Ca
treatment, excess Ca can attack the refractories and change
their composition.

Fig. 5 shows the calculated compositional changes of
bottom lining refractories during CaSi wire treatment at
1600°C. All the Ca injected into the steel was assumed to
react with the refractories in the calculation; that is,
reaction of Ca with suspended Al,O; inclusions was not
considered in the calculations. The CaSi(1:1) was assumed
to be injected into 100 tonnes of deoxidized steel (Fe-
500[Al}-6[O] in mass ppm) in the ladle at 1600°C, and
200kg (corresponding to a thickness of ~ 2 c¢cm)*® of the
bottom lining castables (70mass% Al,0;-30mass%
MgALO; initially) was assumed to react completely with
the injected CaSi wires.

Although the initial refractory composition is 70
mass% Al,03;-30 mass% MgAlLO, at room temperature,
this shifts to approximately 50 mass% ALO;-50 mass%
spinel at 1600°C because of the large solubility of ALO; in
the spinel at this temperature. As CaSi is injected, ALO; in
the refractories is first transformed to solid calcium-
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aluminates and finally to a liquid phase (26.9 mass% CaO-
68.6 mass% Al0s-4.5 mass% MgO when in coexistence
with spinel and CaAl,05).

Of course, the calculations in Fig. 5 represent an
unrealistically extreme case of corrosion. In reality the
extent of corrosion will be much less because most of the
injected Ca will react with suspended AL, O; inclusions and
because of kinetic factors. Nevertheless, these calculations
show that corrosive attack on ladle lining refractories must
be considered in Ca treatment processes.

3.5. Mn/Si  deoxidized steel: MnO-ALO;-SiO,
inclusions

Mn/Si complex deoxidation is indispensable for the
production of high value steel such as tire-cord steel and
high-Ni steel (Fe-36%Ni Invar steel) in order to avoid the
harmful effects of solid ALLO; inclusions formed during Al
deoxidation. Undeformable AlL,O; inclusions cause wire
breakage during the wire-making process in tire-cord
production. Therefore Mn/Si deoxidation, which results in
inclusions of low melting temperature, is usually preferred.
In actual plant processes, Mn/Si deoxidation usually results
in liquid MnO-AlLLOs-SiO, inclusions as deoxidation
products. During the refining stage, these MnO-AlO;s-
Si0, inclusions may react with CaO-containing top slags to
become CaO-MnO-AlLO;-Si0; inclusions. In this study,
the relationship between the [Mn]/[Si] ratio in the liquid
tire-cord steel and the composition of the MnO-A1,05-Si0,
inclusions is shown with a view to forming inclusions with
low melting temperatures.

Fig. 6 shows the calculated compositional trajectories
of the MnO-Al,0;-Si0, inclusions for various constant
[Mn]/[Si] deoxidant ratios as [Al] is varied in liquid tire-
cord steel at 1600°C. (The [C] in tire-cord steel, which is
about 0.7 mass%, was ignored in the calculations). The
total amount of ([Mn]+[Si]) was set to 1.0 mass% and the
calculated phase diagrams at 1600°C and 1200°C are
superimposed on the figure. A small amount of Fe,O (less
than 3 mass%) always exists in such inclusions and this
was included with MnO (on a molar basis) in Fig. 4. Phase
boundaries measured®™”® for various [Mn]/[Si] ratios are
also shown in Fig. 4. The agreement with the calculations
is excellent.

In Fig. 7 the measured oxygen contents of the steel at
equilibrium simultaneously with liquid oxide and a solid
oxide (i.e. along the phase boundaries of Fig. 6) are plotted
as functions of the [Mn]}/[Si] ratio in the steel and are
compared to the calculated curves. The experimental
results exhibit a large amount of scatter. Agreement
between the measurements and the calculations is within
the experimental error limits,

The main interest in Mn/Si deoxidation is to maintain
the inclusions in the liquid state at the temperature of the
wire production process at 1200°C in tire-cord steel.
Therefore, the liquidus curve of the MnO-Al,0;-SiO,
system at 1200°C is superimposed on the diagram in Fig. 6.
This permits one to target the appropriate ranges of
[Mn}/[Si] ratios to maintain the inclusions in the liquid
state at 1200°C.



3.6. Addition of Ti alloying element: Ti/Al deoxidation

Titanium is an alloying element which improves the
toughness of steel. Because it is much more expensive than
aluminum, it is usually added after Al deoxidation in order
to minimize Ti losses through reaction with O. Several
authors®®*" have investigated inclusion compositions after
Ti/Al deoxidation using sampling techniques, but no
comprehensive  equilibrium measurements for Ti/Al
deoxidation have been conducted. Kunisada et al.*?
reported that in the case of Ti/Al deoxidation the oxygen
content in liquid steel is lower than in the case of Ti
deoxidation but is higher than in the case of Al
deoxidation; hence, there is no advantage of Ti/Al
deoxidation for reducing oxygen content compared with Al
deoxidation.

Recently, Gaye et al*®* calculated an Fe-Al-Ti-O
inclusion diagram at 1580°C from their thermodynamic
database. They considered Ti, 03, but not Ti;Os, as
deoxidation product. However, Ti;Os can also be a
deoxidation product under common = steelmaking
conditions. Furthermore, their diagram shows a region of
stability of a liquid oxide phase. However, the eutectic
temperature of the AL O;-TiO, phase diagram has been
reported* at 1703°C.

Fig. 8 shows our calculated inclusion diagram for the
Fe-Al-Ti-O system at 1600°C. Four different stability
fields are seen on the diagram. Iso-oxygen content lines
are also calculated. In Fig. 8, the experimental results of
Ruby-Meyer et al* are also plotted. These authors
observed the variation of Al and Ti concentrations in liquid
steel with time after the addition of Ti/Al into liquid steel
containing excess oxygen at 1580°C. An initial
experimental composition of 0.03mass% [Al] and
0.04mass% [Ti] (marked as the filled triangle in Fig. 8)
falls within the Al,O; precipitation region in the calculated
diagram. Therefore only Al in the liquid iron will be
consumed by reaction with excess oxygen to precipitate
AlLOs until the phase boundary is reached at 0.006mass%
[Al]. Thereafter, Ti will also react to from Ti;Os. Another
initial experimental composition of 0.06mass% [Al] and
0.08mass% [Ti] (marked as the filled circle in Fig. 8) falls
near the calculated ALO3/Ti;05 boundary. Therefore, both
Al and Ti will react with oxygen to precipitate Al,O; and
Ti30s simultaneously. It can be seen in Fig. 8 that the
experimental results in both cases are as predicted from the
calculated diagram.

It can also be seen Fig. 8 that there is no advantage to
Ti/Al deoxidation over Al deoxidation for reducing oxygen
contents except in the very small AL TiOs region. From the
inclusion diagram, it is also possible to calculate the
amount of Ti which can be added as an alloying element
without wasting it as a deoxidizer. For example, Ti can be
added up to 0.66mass% (log(mass%) = -0.18) at about
0.05mass% [Al] (log(mass%) = -1.3) after Al deoxidation
without forming any titanium oxide.

3.7. Spinel formation: The Fe-Al-Mg-O system
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Spinel (MgALO,), which has a high melting
temperature, is very stable and undeformable.
Furthermore, (spinel + corundum) refractories are often
used in ladle linings. Therefore, it is important to study the
inclusion diagram of the Fe-Al-Mg-O system in order to
reduce refractory corrosion as well as to avoid the
formation of spinel inclusions.

The calculated inclusion diagram of the Fe-Al-Mg-O
system at 1600°C is presented in Fig. 9. Note that spinel is
not a stoichiometric compound at 1600°C but rather a solid
solution of MgAlL,O4 and ALO; (containing up to 42
mass% ALOs;). As in the diagram for the Fe-Al-Ca-O
system (Fig. 2), and for the same reasons, the spinel/MgO
and spinel/Al,O; phase boundaries are almost horizontal up
to 0.1mass% total dissolved Al. The Mg deoxidation curve
for the Fe-Mg-O system is also very similar to the Ca
deoxidation curve in Fig. 1. Matsuno et al.*” investigated a
limited range of the spinel single phase region by analyzing
the Al and Mg contents of liquid iron contained in a spinel
crucible. Similarly, Itoh ef al.*® measured the positions of
the spinel/MgO and spinel/Al,O; phase boundaries at
1600°C as well as the oxygen contents of the steel along
these boundaries.

The calculated spinel/MgO boundary and the
experimental data of Itoh er al*® are not in good
agreement. However, from an assessment” of available
data for the Fe-Mg-O deoxidation system it has been shown
that the [Mg] concentration in liquid Fe in equilibrium with
MgO is about 10mass% which is the position of the
calculated boundary in Fig. 9 at low [Al] content. Hence,
the data of Itoh er al. are not consistent with these data.
Possibly, Mg was lost by volatilization during the
experiments.

As in the case of Fig. 2, the nearly horizontal
calculated phase boundaries in Fig. 9 result from the use of
the Associate Model for the molten steel which takes
account of the formation of strong Mg*Q associates in
solution. Diagrams calculated previously with the classical
Wagner formalism showed the boundaries sloping upwards
to the right. As in the Fe-Ca-O system discussed above,
previous calculations'**? using the Wagner formalism
required very large negative temperature-dependent first-

. . 0 0
and second-order interaction parameters Enmgr Pumgo
Mg, 0

ng

adjust the equilibrium constant K mgo for the formation of

. Furthermore, most authors also had to arbitrarily

solid MgO by several orders of magnitude from its
literature value in order to fit the data. In the present
calculations, this was not necessary, and accepted literature
values were used as recommended by Turkdogan.®”

3.8. Formation of (Ti,Nb)(C,N) inclusions in stainless
steel

The control of the nitrogen level in steel is important
because it has many harmful (and some beneficial) effects
on physical properties and surface characteristics. The
addition of Ti to liquid steel has become common practice
in order to improve corrosion resistance. Ti can react with



N, C and oxygen to form titanium nitride, carbide, carbo-
nitride or oxides. These inclusions may have detrimental
effects on properties such as toughness, ductility and
weldability and may also result in low surface quality. Ti
and Cr have a very strong affinity for N while Ni does not.
Because of the affinity of Cr for N, the solubility of N in
liquid Fe-18 mass% Cr-8 mass% Ni stainless steel
containing 1 mass% Ti is about 160 mass ppm at 1600°C
while it is only about 67 mass ppm in pure liquid Fe
containing 1 mass% Ti. Once nitrogen is dissolved in
liquid stainless steel, it can precipitate later in the solid
steel.

Fig. 10 shows the calculated inclusion diagram of Fe-
18 mass% Cr-8 mass% Ni-Ti-N-O stainless steel at
1600°C. Iso-oxygen content curves are plotted as thin lines
and the stable regions of the (Fe,Ti)N solid solution and
Ti;0s and Ti,0; are shown on the diagram. The amount of
FeN in the (Fe,Ti)N solid solution is calculated to be about
12 mass% at 0.1 mass% [Ti] and 8 mass% at 1 mass% [Ti].
When the oxygen content is below 19 mass ppm, no
titanium oxides are precipitated (deoxidation minimum).
Also the calculations show that TiN will never be formed if
the [N] content is lower than 160 mass ppm. The
calculated inclusion diagram is not significantly changed
by including small amounts of [C] (< 0.5mass%) except
that carbo-nitride (Fe, Ti)(C,N) is precipitated instead of the
nitride.

Fig. 11 presents the results of calculations of the
precipitation of carbonitride (Ti,Nb)}(C,N) inclusions in
solid stainless steel in the temperature range between 1400°
and 700°C. The initial steel composition was Fe-16.2 Cr-
11.2 Ni-0.04 C-0.8 Mn-0.35 Si-2.7 Mo-0.3 Nb-0.25 Ti-0.05
N in mass%. Fig. 11(a) shows the variation of the
equilibrium amount of each phase as temperature is
decreased, and the corresponding composition of the
carbonitride inclusions is presented in Fig. 11(b). Above
1080°C, carbonitride I, composed mainly of TiN and TiC
with small amounts of NbN and NbC, is formed, while
below this temperature carbonitride II, composed mainly of
NbC with small amounts of TiC, is also precipitated. The
Fe content in both types of carbonitride inclusions is
calculated to be less than 1 mass%. These different types
of carbonitride inclusions may have different influences on
the phase transformation during heat treatment. These
considerations also apply in the case of plain steel.

3.9. Evolution of inclusions during solidification:
Oxide metallurgy

Recently the beneficial effects of inclusions on phase
transformation behavior has been recognized and termed

“oxide metallurgy.”*”*® Inclusions can act as intragranular

nucleation sites for acicular ferrite, resulting in a reduced
grain size and consequently improved physical properties
of steel. However the mechanisms of inclusion
precipitation are very complex and highly dependent on the
composition of the steel matrix. Thermodynamic
calculations can aid in understanding the evolution of
inclusions formed during casting processes.
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Eijk* investigated the inclusions in cast steel which
had been deoxidized with Al/Ca and then with Ti. The
overall composition was Fe-0.08C-0.08Si-1.55Mn-0.005S-
0.002A1-0.003N-0.0040-0.009T1-0.0007Ca in mass%. The
morphology of typical inclusions in the cast steel was
examined with EPMA and TEM. The results are shown in
Fig. 12(a). In order to understand the origin of these
inclusions, an equilibrium calculation for the same
composition of steel was performed. Fig. 12(b) shows the
calculated variation of the equilibrium inclusion
composition as the temperature decreases from liquid steel
at 1600°C to solid steel at 1250°C.

Based on the thermodynamic calculations, the possible
inclusion evolution may be explained as depicted in Fig.
12(b). The Ca0-Al, 05 solid phase in the inclusion core was
most likely formed during initial Al/Ca-deoxidation before
Ti was added. When Ti was added, a liquid phase, mainly
composed of Ti,O3-MnO-Al O, formed around the solid
Ca0-Al,O; core in a globular shape in the liquid steel.
During subsequent solidification, solid MnS precipitated on
the surface of the liquid inclusion because of the lower
interfacial energy. This will be discussed below. After the
precipitation of the solid MnS phase, Ti;Os began to
precipitate from the liquid inclusion due to the decreasing
solubility of titanium oxide in the molten oxide with
decreasing temperature. As temperature decreased further,
the remaining liquid phase solidified as an MnO-TiO,
solid. Finally, TiN was precipitated by the diffusion of N
from the steel matrix.

According to the thermodynamic calculations, the
precipitation of MnS results from the solubility difference
of sulfur between liquid steel and solid bee steel (sulfur is
virtually immiscible in the bec phase) rather than by the
precipitation from the liquid inclusion. That is, dissolved
sulfur reacts with dissolved Mn in the steel matrix around
the inclusions to form MnS on the surface of the inclusion.
This results in a so-called “Mn depleted zone” which is
observed™*? around such inclusions.

Similar thermodynamic calculations for oxide
metallurgy have been reported in the literature.***"

4. Conclusions

Extensive computerized thermodynamic databases
have been prepared for solid and liquid oxide phases and
for solid and liquid steel and carbonitride phases. These
databases have been developed by critical evaluation of all
available thermodynamic and phase diagram data through
the use of models appropriate to the structure of each
solution. The use of the models permits good estimations to
be made of the thermodynamic properties of
multicomponent solutions based on the evaluated and
optimized model parameters of lower-order (binary and
ternary) subsystems. Modern Gibbs energy minimization
software is used to access these databases automatically
and calculate the conditions for equilibrium in
multicomponent, multiphase systems.

Several case studies have been presented in which such
calculations are used to elucidate and predict complex
equilibria involving inclusion formation at various stages of



steelmaking. The use of thermodynamic calculations can
reduce costs and aid in the development of new technology.
Furthermore, the combination of thermodynamic
calculations and process modeling should result in
advances in the automation of steelmaking processes.
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Compound Energy Formalism (CEF)
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Compound Energy Formalism

The Compound Energy Formalism (CEF) was advanced by Hillert et al. (1988).

For solution phases with two or more sublattices it is natural to regard stoichiometric
compounds rather than elements as the components. For a phase (A,B)4(C,D). one
would have the four component compounds A,C., AD., B,Cq and B;D.. It is thus
natural to represent the Gibbs energy of such a phase with reference to the Gibbs

energies of these “end-member” compounds in pure form. These may be denoted by
Gacr Gap»> Gpe and Gy, if the stoichiometric numbers are omitted. However, there is

a problem because an average composition can be obtained by mixing three of the
compounds and if all four are used their amounts are not uniquely defined. This
problem has been solved by the adoption of a mathematical model which is based on the
use of site fractions, i.e. mole fractions defined for each sublattice. In the case of the
(A,B).(C,D). solution, the Gibbs energy of a reciprocal solution per formula unit can be

expressed:

G" =Y, Y.G e + Y Yo Gy + Y Y Gy + VY Gy, )

+aRT(Y, InY, + Y, InY)+cRT(Y. InY. + Y, InY,) + G®

where Yi’ and YJ represent the site fractions of constituents i and j on the first and
second sublattices. Clearly, the logarithmic terms come from the entropy of mixing
under the assumption of random mixing within each sublattice. The first four terms can
be rationalized on the assumption of random mixing if it is assumed that all nearest-
neighbors to an atom are situated on the other sublattice and, furthermore, that the
nearest neighbor bond energies are constant. Finally, the last term is an excess Gibbs
energy which, to the first approximation, results from interactions between second-

nearest-neighbor atoms or ions on the same sublattice. Recognizing that these
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interaction energies may depend on which species occupies the other sublattice, the

following expression was proposed.
G" = Y‘; Y}'}YC':LAB;C + Y/; Yf;Y;LAB;D + Y/; YC"YL;LA;CD + YJ;YC':Y;LB;CD (2)

where L;x and Ly; are the interaction energies between species i and j on one sublattice
when the other sublattice is occupied solely by k. The L parameters can be constant
interaction energies or can be treated as dependent on composition. Usually the
compositional dependence of the L parameters is expressed using Redlich-Kister

polynomials.

In some cases, G; of an “end-member” may represent the Gibbs energy of a real
stoichiometric compound. In other cases, no real compound “i” exists and the G thus
become the parameters of the model which are related to interactions between the

species on the different lattices.

The formalism can be easily extended to multicomponent systems and to solutions with
many sublattices. The Compound Energy Formalism has been widely used to describe

the Gibbs energies of metallic alloy phases.

This formalism is often called the Compound Energy Model. However, this is not a
model but a mathematical formalism. Within the framework of the CEF, many different
models can be developed by combining with structural concepts. One of the most
important criteria in distinguishing the models is the way of defining the Gibbs energies
of hypothetical end-member components. Different ways of treating these Gibbs
energies can eventually result in completely different predictions in multicomponent

solutions.
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Interpolation Techniques
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Interpolation techniques
In order to estimate the thermodynamic properties of ternary or multicomponent
systems, the binary model parameters and ternary model parameters can be interpolated
based on several “geometric” models. This has been reviewed by Chartrand and Pelton

(2000) and Pelton (2001).

The molar excess Gibbs energy of a binary 1-2 solution is often expressed as
Gsz =0, X, X, (1)
The term «,, is often expanded as a polynomial in the mole fractions:

@, = q;jzXllej (2)
20

20 j

where the ¢, are empirical coefficients which may be temperature dependent. Of
course, the equivalent fraction ¥, and Y, can be used instead of X, and X, when the

Modified Quasichemical Model is used. Equation (2) 1s frequently re-arranged into
“Redlich-Kister” form:

o, :Zile(Xl —Xz)i (3)

i20

Clearly, the set of coefficients ¢/, can be calculated from the set of ‘L;; and vice versa.
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Extension to ternary solutions

For ternary systems, several “geometric” models may be proposed. Some of these are
illustrated in Figure 1. In each model, G® in the ternary solution at a composition point
p is estimated from the excess Gibbs energies in the three binary subsystems at points a,

b and c by the equation:

G* = Oppay X | Xy + Oy X, X5 + Oy X 3 X, + (ternary terms) 4)

where oy, 0, and o, are the binary “o-functions” evaluated at points a, b and c.

The “ternary terms” are polynomial terms which are identically zero in the three binary
subsystems. The empirical coefficients of the ternary terms may be chosen in order to

fit ternary experimental data. However, these ternary coefficients should be small.

If, at a given temperature, all three binary a-functions are constant (regular solution),
independent of composition, then all geometric models are clearly identical. The Kohler
and Muggianu models in Figures 1 (a) and (c) are “symmetric” models, whereas the
Kohler/Toop and Muggianu/Toop models in Figures 1 (b) and (d) are “asymmetric”

models inasmuch as one component (component 1 in Figure 1 (b) and (d)) is singled
out. In these two asymmetric models, o, and a,, are assumed to be constant along
lines where X is constant. That is, replacing component 2 by component 3 is assumed
to have no effect on the energy, a,,, of forming (1-2) nearest-neighbor pairs, and

similarly for (3-1) pairs. An asymmetric model is thus more physically reasonable than
a symmetric model if components 2 and 3 are chemically similar while component 1 is
chemically different. For example, the slags in the Si0,-Ca0-MgO, Al,05-CaO-MgO,
eic. systems are well described by this asymmetric model shown in Figure 1(b) (where

SiO; and Al,O; are the asymmetric components in each system). Solid solutions such
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as Fe;O3-FeO-MgO monoxide are also well fitted by the same model (Fe 05 as

asymmetric component).

When G” is large and a,, and o, depend strongly on composition, a symmetric and an

asymmetric model will give very different results. In the FactSage thermodynamic
software (FactSage, 2002), any kind of interpolation technique is now permitted for
each subsystem in order to maximize the ability to estimate the Gibbs energy of ternary

or multicomponent solutions from the optimized parameters of low-order systems.

In equation (4), when the Kohler approximation is chosen for the 1-2 subsystem, then

the a,, can be written:

x Y x, Y
a,, = J L 2 : Kohler-type 5
12 ZZq}Z(X,#-ij(X]—FXZJ Yp (5)

20 jz0

Instead, if the Toop-type approximation is chosen for the 1-2 subsystem, then the «,

can be written:

Q= ZZ‘]&X{ (1 - X, )j : Toop-type (6)

20 jz0
Finally, if o, is approximated by a Muggianu-type approximation, then:

g A+ X =X, 1
Ay, = q0 1 L) (

i20 j20 2 2

— X+ X )’ : Muggianu-type @)

The corresponding Redlich-Kister polynomial expression for o, in each case is given

by Pelton (2001).
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Extension to multicomponent solutions

In order to estimate the excess Gibbs energy in a multicomponent solution of N > 3
compoenents, Chartrand and Pelton (2000) and Pelton (2001) devised a rational method

of extending the Kohler-Toop-Muggianu geometric formalism to N-component systems.

When any of the Kohler-Toop-Muggianu geometric approximations can be chosen for a
binary sub-system, 64 different geometric model become possible for a ternary solution.
Therefore a rational method of extending these approximations to multicomponent

solutions should be devised.

Consider a 5-component system in which a choice of models for the ternary subsystems
‘has been made as illustrated in Figure 2. For instance, the o, function is given in the

1-2-3 system by a Toop-type approximation at constant X5, in the 1-2-4 system by a
Toop-type approximation at constant Xj, and in the 1-2-5 system by a Kohler-type

approximation...

A new composition variable can be defined:

gij:‘Xi+ZXk (8)

where the summation is over all components k of i-j-k ternary solutions in which a; is

given by a Toop-type approximation along lines of constant X;. In the example of

Figure 2:

612:X1+X3 521:X2+X4

513:X1 531:X3+X4
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¢ = X, Cu =X, + X, + X, + X,

&5 =X, & =X+ X,

&y =X, ¢y =X+ X,

$u =X, + X, En =X, 9)
& =X, &2 =X

=X, Cp=X,+X,+X,

s =X, + X, =X+ X,

$is = X, $sa = X

The significance of these variables is as follows. The choice of a Toop-type
approximation for o, in the 1-2-3 and 1-2-4 subsystems means that a,, , the energy of

forming (1-2) nearest-neighbor pairs, is assumed to remain constant as component 1 is
replaced by component 3 in the 1-2-3 ternary system and as component 2 is replaced by

component 4 in the 1-2-4 system. Hence, in the multicomponent system it is reasonable

to assume that o, should remain constant at constant &, = X, + X, and at constant
& =X, +X, when all other mole fractions (Xs in this case) are held constant.
Similarly, o, should remain constant at constant ¢; =X,, and at constant
¢y =X, +X, when X, and X5 are held constant; and similarly for the other oy

functions.

Finally, for the general case of an a.; -function which may be given by Kohler-,

Muggaianu- and Toop-type approximations in the ternary subsystems, another new

function can be defined as:

o, =0,=1-Y X, (10)
k
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where the summation is over all components k of ternary subsystems i-j-k in which a

is given by a Kohler-type approximation. In the example in Figure 2:

o, =1-X, g, =1-X, - X,

o, =1 0,5 =1-X,

o, =1 Oy =1 (11)
o, =1-X, oy =1

Oy =1-X, - X o, =1-X, -X,

Then, a; can be written by replacing X; and .X; in equation (2) by the functions

Uij O'iJ

(1 + éﬁ—j/ 2 and [1 + éﬂi}/ 2 respectively. That is, for the case of a, :

(12)

These general expressions reduce to the correct expressions for o, in all ternary

subsystems.

Ternary terms

If ternary terms in equation (4) are introduced, a function of
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ainX X1 X| (13)

where i >0, j 20 and k 20 and g/y, is an empirical coefficient, is generally used.

However, such terms have little theoretical justification. For extending these ternary

terms into the N-component system, the following procedure(Pelton, 2001) is used:

(1) If o, in the 1-2-3 system is given by a Kohler-type or a Muggianu-type

approximation, then the following ternary terms may be included:

1_{_512 _521 1 1+le _512 :
gy Oy

2 2

XX, gl X,(-¢, =& )" (14)

(2) If o, in the 1-2-3 system is given by a Toop-type approximation along lines of

constant X;, then the following ternary terms may be included:

F 1+§12_§21 i H_le—flz

J o o X X, .
XX Q1jzk(3) 2 = ‘i(l_—i)k ] (15)
2 2 S &y

J

[}

All these interpolation techniques presently coded in the FactSage software (FactSage,
2002).

In this Appendix, the equations have been developed for interpolating the excess model
parameters g; and g;m when G® is expanded as a polynomial. In the case of the
Modified Quasichemical Model, similar equations apply to interpolating the @y and g

model parameters.
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(b} Kohier / Toop Model {2]
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{¢) Mugglanu Model [3] {d) Mugglanu Toop Modsl [4]

1

{0} A Welrd Mode! (N Another Welrd Modal

Figure 1: Some “geometric” models for estimating ternary thermodynamic properties
from optimized binary data (after Pelton, 2001).
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Figure 2 : 5-component solution showing the geometric models chosen for all ternary
subsystems (after Pelton, 2001).



