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RESUME

Un vaste programme de recherche collaborative s’est concentre sur le développement d'une base
de données thermodynamiques auto-cohérente pour la simulation de I’extraction du nickel a
partir de minerais latéritiques. Des systémes chimiques pertinents pour le traitement de minerais

latéritiques ont été étudiés expérimentalement et optimisés thermodynamigquement.

En général, les dépbts de minerais latéritiques sont constitués de mélanges hétérogéenes d'oxydes
de fer hydratés et de silicates de magnesium hydratés. La base des minerais latéritiques est
I’olivine (Fe, Mg).SiO4, qui contient souvent de faibles quantités de nickel & cause de la
proximité des rayons ioniques de Fe®*, Mg®* et Ni®". Les technologies existantes produisant
actuellement du nickel dans le monde entier utilisent seulement environ la moitié des gisements
de latérites de nickel ; d'autres sources ne sont pas utilisées en raison de la minéralogie complexe.
Pour créer des procédés de récupération de Ni a partir de minerais latéritiques qui soient
rentables, respectueux de I'environnement et peu codteux en énergie, il est important de pouvoir
effectuer des calculs fiables d’équilibres de phases dans le systeme multi-composant Al-Ca—Cr—
Fe-Mg-Ni—O-Si, ou Fe, Al,03, MgO, NiO et SiO; sont les principaux constituants des scories et

des phases d'oxydes de la pyrométallurgie du nickel.

Le présent programme de recherche a relevé ce défi. Il visait & développer une base de données
thermodynamiques pour les systemes d'oxydes contenant NiO dans le systeme multi-composant
Al,03-Ca0-FeO-Fe,03—-MgO-NiO-SiO, (Al-Ca—Fe-Mg-Ni-O-Si) a haute température
d'intérét pour les procédés pyrométallurgiques du nickel. Le projet a été réalisé grace aux efforts
conjoints de deux groupes de recherche. Le développement de la base de données a été effectué
au Centre de Recherche en Calcul Thermochimique, Montréal, Canada par le biais de la
modélisation thermodynamique, qui était étroitement liée aux études expérimentales d’équilibres
de phases réalisées par nos collégues du Centre de Recherches Pyrométallurgiques (PyroSearch),
Brisbane, Australie. Cette approche collaborative a considérablement augmenté I'efficacité de
I'ensemble du programme en réduisant le nombre de travaux expérimentaux nécessaires et en
fournissant des données expérimentales spécifiques pour la modélisation thermodynamique. Les
évaluations thermodynamiques ont permis d’identifier les priorités pour les expériences et de
planifier des mesures expérimentales pour fournir des donnees spécifiques pour la modélisation

thermodynamique.
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Un examen et une évaluation critique de la littérature publiée antérieurement sur la
thermodynamique et les équilibres de phases dans les systemes contenant NiO ont été réalisés.
Les parametres des modeles ont été optimisés pour reproduire une grande variété de données
recueillies dans la littérature, incluant les données d'équilibres de phases, les propriétés
thermodynamiques (capacité calorifique, entropie, enthalpie, énergie de Gibbs) et les données de
distribution de cations. Cependant, pour plusieurs sous-systemes d'ordre inférieur, les données
mangquaient dans la littérature parce que ces sous-systemes n'ont pas d'importance directe pour les
applications pratiques. Lorsqu’il n'y avait pas suffisamment de données pour contraindre les
parametres du modeéle ou lorsque des divergences importantes ont été observees dans les données
disponibles, un programme expérimental a été proposé a nos collégues du Centre PyroSearch. Un
nombre limité de mesures expérimentales ont été prévues a des températures et a des
compositions jugees les plus utiles pour la modélisation thermodynamique. De cette facon, la
quantité de travail nécessaire pour obtenir une description thermodynamique précise d'un systeme

multi-composant a été significativement réduite.

La procédure expérimentale a impliqué un équilibrage a haute température en atmospheére de gaz
contr6lée et une trempe ultra rapide suivie par une microanalyse aux rayons X a I’aide d’une
sonde électronique (EPMA) des échantillons trempés. Comme l'analyse a eu lieu apres
I’équilibrage, les changements de composition pendant I'équilibrage n'ont pas affecté la précision
des résultats. Les conodes entre les phases liquides et solides a I’équilibre ont été mesurées
directement, fournissant ainsi des données essentielles pour la modélisation thermodynamique
ultérieure. L'ensemble des données expérimentales, incluant les nouveaux résultats
expérimentaux et les données publiées antérieurement, a été pris en considération lors de la
modélisation thermodynamique des phases d'oxydes du systéeme multi-composant Al,03;—CaO-
FeO—Fe,03—-MgO-NiO-SiO, (Al-Ca—Fe-Mg-Ni—-O-Si) a une pression totale de 1 atm et pour
une large gamme de températures et de pressions partielles d'oxygene. La modélisation
thermodynamique a été réalisée a I’aide du logiciel thermochimique FactSage et de ses bases de

données. Toutes les phases solides et liquides de
4 systémes binaires: CaO-NiO, MgO-NiO, NiO-SiO,, Al,03-NiO,

7 systemes ternaires: CaO-MgO-NiO, CaO-NiO-SiO,;, MgO-NiO-SiO,, Al,03-NiO-SiO,,
A|203-MgO-NiO, A|203-F€O-F€203, FGO-FGQO3-NiO,
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5 systemes quaternaires: CaO-MgO-NiO-SiO,, Al,03-FeO-Fe,03-NiO, FeO-Fe,03-MgO-NiO,
FeO-Fe203-NiO-Si02, CaO-FeO-Fe203-NiO,

et 2 systéemes quinaires, Fe-Mg-Ni-O-Si et Ca-Fe-Ni-O-Si, du systeme chimique multi-
composant ont été optimisées dans la présente étude. Les optimisations sont auto-cohérentes et
compatibles avec les bases de données existantes FToxid et FSstel du logiciel FactSage. Les
modeles utilisés sont basés sur la structure de la solution considérée. Le Modéle Quasichimique
Modifié, qui prend en compte l'ordre a courte distance entre les cations seconds voisins, a été
utilisé pour la phase de scories (oxyde fondu). Des modéles basés sur le « Compound Energy
Formalism » ont été développés pour les solutions solides d’olivine, de spinelle et de pyroxéne.
Un modéle de mélange aléatoire simple avec une expansion polynémiale de I'énergie de Gibbs en
exces a été utilisé pour les solutions solides de monoxyde et de corindon. Un ensemble de
fonctions d'énergie de Gibbs auto-cohérentes a été obtenu qui assure la meilleure description
possible des propriétés thermodynamiques et des équilibres de phases dans le systéme chimique
considéré. Les données de la littérature sont reproduites dans les limites de I'erreur expérimentale.
En utilisant les parametres du modele optimisés, des prévisions trés utiles des equilibres de

phases dans les systemes multi-composants ont été réalisées.

Les propriétés des solutions de spinelle, de monoxyde, d’olivine et de corindon dans les systémes
chimiques Al-Fe-Ni-O, AlI-Mg-Ni-O, Fe-Mg-Ni-O, Ca—Fe—Ni-O et Fe—Mg-Ni-O-Si et de la
phase de scories dans le systeme Ca—Fe—-Ni—O-Si ont été predites uniquement a partir des
parameétres des modeles optimisés pour les solutions binaires (ternaires) correspondantes. La
comparaison ultérieure avec les données thermodynamiques et d'équilibres de phases disponibles
a montré que les modéles ayant un sens physique que nous avons appliqués ont une excellente
capacité a prédire les relations de phases dans les systemes multi-composants. De cette fagon,
nous avons démontré I'efficacité de I'approche appliquée consistant en un couplage entre les

expériences et la modélisation.

La base de données actuelle a été incorporée dans les bases de données existantes de FactSage.
Ainsi, la gamme d'applications des bases de données de FactSage a €té élargie, et les bases de
données existantes ont été mises a jour pour décrire les données expérimentales d’intérét

industriel les plus récentes et les plus précises.
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La base de données obtenue couplée a un logiciel de minimisation de I'énergie de Gibbs permet
de prédire les équilibres de phases de liquidus et de solidus ainsi que certaines propriétés
thermodynamiques dans les conditions (gamme de compositions, de températures et de pressions
partielles d'oxygene) les plus utiles pour les operations métallurgiques et les pratiques
d’ingénierie. La base de données est pertinente pour plusieurs types de procédés
pyrometallurgiques pour les minérais lattéritiques comme le procédé de “’reduction roasting’’ ou

le procéde de “’electric furnace smelting’’.



ABSTRACT

An extensive collaborative research program was focused on the development of a self-consistent
thermodynamic database for simulation of nickel extraction from laterite ores. Chemical systems
relevant to laterite ore processing were experimentally investigated and thermodynamically

optimized.

In general, laterite ore deposits consist of heterogeneous mixtures of hydrated iron oxides and
hydrous magnesium silicates. The basis of the laterite ore is olivine (Fe,Mg),SiO4, which often
contains small amounts of nickel due to the proximity of ionic radii of Fe**, Mg®* and Ni®".
Existing technologies that currently produce nickel worldwide utilize only about half of the
nickel laterite deposits; other sources are not utilized due to complex mineralogy. For creation of
cost-effective, environmentally-friendly and energy-efficient processes of Ni recovery from
laterite ores, it is important to be able to perform reliable calculations of phase equilibria in the
Al-Ca—Cr-Fe-Mg-Ni—O-Si system, where Fe, Al,O3, MgO, NiO and SiO, are the major

components of slags and oxide phases in nickel pyrometallurgy.

The current research program met this challenge. It was aimed to develop a thermodynamic
database for NiO-containing oxide systems in the Al,03—CaO-FeO-Fe,0O3—MgO-NiO-SiO,
(Al-Ca—Fe—-Mg-Ni—O-Si) multi-component system at high temperature of interest to nickel

pyrometallurgical processes.

The project was accomplished by the joint efforts of two research groups. The database
development was carried out at the Centre for Research in Computational Thermochemistry,
Montreal, Canada by means of thermodynamic modeling, which was closely related to
experimental study of phase equilibria performed by our colleagues from the Pyrometallurgy
Research Centre (PyroSearch), Brisbane, Australia. This collaborative approach greatly increased
the effectiveness of the overall program by reducing the amount of the required experimental
work and providing specific experimental data for thermodynamic modeling. Thermodynamic
assessments were applied to identify priorities for experiments and experimental measurements

were planned to provide specific data for thermodynamic modeling.

A literature review and critical assessment of the previously published thermodynamic and phase
equilibrium data on the NiO-containing systems were performed using thermodynamic modeling.

The parameters of the models were optimized to fit a large variety of the literature data collected
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from the literature, including phase equilibrium data, thermodynamic properties (heat capacity,
entropy, enthalpy, Gibbs energy) and cation distribution data. However, for several low-order sub-
systems, data were missing in the literature because they are of no direct importance for practical
applications. In case there was not enough data to constrain the model parameters, or significant
discrepancies in the available data were revealed, an experimental program was suggested to our
colleagues from the PyroSearch Centre. A limited number of experimental measurements were
planned for temperatures and compositions which were found to be most useful for thermodynamic
modeling. In this way, the amount of the work required to obtain an accurate thermodynamic

description of a multicomponent system was significantly reduced.

The experimental procedure involved the high-temperature equilibration in controlled gas
atmospheres and ultra rapid quenching followed by electron probe X-ray microanalysis (EPMA) of
quenched samples. Since the analysis took place after equilibration, the changes in composition
during equilibration did not affect the accuracy of the results. Tie-lines between equilibrated liquid
and solid phases were measured directly, providing essential data for subsequent thermodynamic

modeling.

The whole set of experimental data, including the new experimental results and previously
published data, was taken into consideration in thermodynamic modeling of oxide phases in the
Al,03-Ca0-FeO-Fe,03—-MgO-NiO-Si0O; (Al-Ca—Fe—-Mg—Ni-O-Si) multi-component system at
a total pressure of 1 atm and a wide range of temperatures and oxygen partial pressures. The
thermodynamic modeling part was undertaken using the FactSage thermochemical software and

its databases. All solid and liquid phases of
4 binary: CaO-NiO, MgO-NiO, NiO-SiO,, Al,03-NiO,

7 ternary: CaO-MgO-NiO, CaO-NiO-SiO,;, MgO-NiO-SiO;, Al,03-NiO-SiO;, Al,03-MgO-
NIO, A|203-F€O-F€203, FeO-Fe203-NiO,

5 quaternary: CaO-MgO-NiO-SiO,, Al,03-FeO-Fe,03-NiO, FeO-Fe,03-MgO-NiO, FeO-Fe,O3-
NiO-SiO,, CaO-FeO-Fe,03-NiO,

and 2 quinary systems, Fe-Mg-Ni-O-Si and Ca-Fe-Ni-O-Si, of the multi-component chemical
system were optimized in the present study. The optimizations are self-consistent and consistent
with existing FToxide and FSstel metallic databases of the FactSage software. The applied

models are based on the structure of the corresponding solution. The Modified Quasichemical
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Model, which takes into consideration second-nearest-neighbor short-range cation ordering, was
used for the slag (molten oxide) phase. The models based on the Compound Energy Formalism
have been developed for the olivine, spinel and pyroxene solid solutions. A simple random
mixing model with a polynomial expansion of the excess Gibbs energy was used for the
monoxide and corundum solid solutions. A set of self-consistent Gibbs energy functions was
obtained that provides the best possible description of thermodynamic properties and phase
equilibria in the chemical system. The literature data are reproduced within experimental error
limits. Using optimized model parameters, valuable predictions of phase equilibria in the

multicomponent systems have been made.

The properties of the spinel, monoxide, olivine and corundum solutions in the Al-Fe-Ni-O, Al-
Mg-Ni-O, Fe-Mg-Ni-O, Ca—Fe-Ni-O and Fe-Mg-Ni—O-Si chemical systems and of slag in
the Ca—Fe—Ni—O-Si system have been predicted solely from the optimized model parameters for
the corresponding binary (ternary) solutions. The subsequent comparison with available
thermodynamic and phase equilibrium data has shown that applied physically meaningful models
have excellent ability to predict phase relations in multicomponent systems. In this way, the

effectiveness of the applied coupled experimental/modeling approach has been demonstrated.

The current database has been incorporated into the existing FactSage databases. By this means,
the range of applications of FactSage databases has been expanded, and the existing databases
have been updated to describe the most recent and accurate experimental data of interest to

industrial operations.

The obtained database along with software for Gibbs energy minimization allows the prediction
of liquidus and solidus phase equilibria as well as thermodynamic properties under the
conditions, such as range of compositions, temperatures and oxygen partial pressures, which are
most useful for metallurgical operations and engineering practice. The database is relevant to
various kinds of pyrometallurgical processes for laterite ores, such as reduction roasting as well

as electric furnace smelting.
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CONDENSE

Afin de développer une base de données thermodynamiques multicomposante auto-cohérente
pour la simulation de I’extraction du nickel a partir de minerais latéritiques, un vaste programme
de recherche a été entrepris, qui combine naturellement des études expérimentales et la
modélisation thermodynamique assistée par ordinateur. Des systémes chimiques pertinents pour
le traitement de minerais latéritiques de nickel ont été étudies expérimentalement et optimisés
thermodynamiquement. La modélisation thermodynamique a été réalisée en utilisant le logiciel
thermochimique FactSage et ses bases de données [1] développées au Centre de Recherche en
Calcul Thermochimique de I’Ecole Polytechnique de Montréal, Canada. Le programme
expérimental a été effectué par nos collegues du Centre de Recherches Pyrométallurgiques,
Brisbane, Australie [2].

Des expériences et la modéelisation thermodynamique ont été étroitement intégrées afin
d’accroitre I'efficacité de I'ensemble du programme en termes de quantité de travail expérimental
requise et la disponibilité des donnees spécifiques essentielles a la modélisation
thermodynamique. Ceci a été realisé en appliquant les évaluations thermodynamiques pour
identifier les expériences prioritaires et en planifiant des mesures expérimentales de facon a
fournir des données spécifiques pour la modélisation thermodynamique. Cette approche a
augmenté la capacité de prédiction des modeles thermodynamiques appliques et a permis de
caractériser les relations de phases sur une large gamme de compositions, de tempeératures et de

pressions partielles d'oxygéne ayant une importance directe pour les industries métallurgiques.

L'ensemble des données expérimentales, incluant les nouveaux résultats expérimentaux et les
données publiées antérieurement, a été pris en considération lors de la modelisation
thermodynamique des phases d'oxydes du systéme multi-composant Al,O;—CaO-FeO-Fe,O3—
MgO-NiO-SiO; (Al-Ca—Fe—-Mg-Ni—O-Si) a une pression totale de 1 atm et pour une large
gamme de températures et de pressions partielles d'oxygene. Toutes les phases solides et liquides
de 4 systemes binaires, 7 systémes ternaires, 5 systemes quaternaires et 2 systemes quinaires du

systéme chimique multi-composant ont eté optimisées dans la présente étude.

Les optimisations sont auto-cohérentes et compatibles avec les bases de données existantes
FToxid et FSstel du logiciel FactSage. Les modeéles utilisés sont basés sur la structure de la

solution considéree. Le Modeéle Quasichimique Modifié, qui prend en compte l'ordre a courte
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distance entre les cations seconds voisins, a été utilisé pour la phase de scories (oxyde fondu).
Des modeéles basés sur le « Compound Energy Formalism » ont été développés pour les solutions
solides d’olivine, de spinelle et de pyroxene. Un modeéle de mélange aléatoire simple avec une
expansion polynémiale de I'énergie de Gibbs en exces a été utilisé pour les solutions solides de
monoxyde et de corindon. Un ensemble de fonctions d'énergie de Gibbs auto-cohérentes a été
obtenu qui assure la meilleure description possible des propriétés thermodynamiques et des
équilibres de phases dans le systeme chimique considéré. Les données de la littérature sont
reproduites dans les limites de I'erreur expérimentale. En utilisant les paramétres du modeéle
optimisés, des prédictions tres utiles des équilibres de phases dans les systémes multi-composants

ont éte réalisees.
La méthodologie de la recherche a impliqué plusieurs étapes déecrites en détail ci-dessous :

Revue de la littérature et évaluation critique. Nous avons tout d'abord réalisé un examen et une
évaluation critique de la littérature publiée antérieurement sur la thermodynamique et les
équilibres de phases dans les systemes contenant NiO. Les données thermodynamiques
disponibles dans la littérature pour les composants individuels (capacité calorifique, entropie,
enthalpie, énergie de Gibbs), ainsi que les mesures d'équilibres de phases, la distribution des

cations, etc., ont été analysées pour leur cohérence et leur précision.

Calculs de modele initiaux. Les paramétres des modéles ont éte optimisés afin de reproduire les
données expérimentales recueillies dans la littérature. Les coefficients des modeles ont été

déterminés a partir des données expérimentales par une méethode d'essais et d'erreurs.

Etude expérimentale utilisant équilibrage / trempe / EPMA (PyroSearch, Australia). Pour
plusieurs sous-systemes d'ordre inférieur, les données expérimentales manquaient dans la
littérature parce que ces sous-systemes n'ont pas d'importance directe pour les applications
pratiques. Lorsqu'il n'y avait pas suffisamment de données pour contraindre les parametres du
modele ou lorsque des divergences importantes ont eté observées dans les données disponibles,
un nombre limité de mesures expérimentales a été prévu pour les températures et les

compositions considérées comme les plus utiles pour la modélisation thermodynamique.

Optimisation thermodynamique des systemes d‘ordre inférieur. Les nouvelles données
expérimentales, en association avec les données disponibles dans la littérature, ont été utilisées

pour obtenir les descriptions thermodynamiques des systéemes d'ordre inférieur. Pour chaque
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phase, un modéle spécifique a été utilisé qui reflete la structure de la phase correspondante le plus

adéquatement et les parametres du modeéle ont été optimises. De cette fagon, tous les systemes

d'ordre inférieur ont été optimises.

Prédiction des relations de phases dans les systétmes multi-composants. Des propriétés
thermodynamiques des phases présentes dans les systemes multi-composants ont été
essentiellement extrapolées a partir des parametres optimisés dans les systéemes d'ordre inférieur,
en utilisant la capacité des modeles a faire des extrapolations de maniere thermodynamiquement

correcte.

Veérification des modeéles par rapport aux données expérimentales disponibles. La capacité de
prédiction des modeéles a été vérifiée par rapport aux équilibres de phases multi-composants

étudiés expérimentalement.

En utilisant la méthodologie decrite ci-dessus, la quantité de travail nécessaire pour obtenir une
description thermodynamique précise d'un systeme multi-composant a été considérablement

réduite.

Les conclusions détaillées pour les systemes optimisés sont réesumeées comme suit:
Systemes CaO-NiO, MgO-NiO et NiO-SiO, (CHAPTER 5)

Les systemes binaires (CaO-NiO, MgO-NiO et NiO-SiO,) ont été optimisés, ainsi que les
propriétés de NiO solide et liquide pur. Les fonctions thermodynamiques obtenues sont utilisées
dans les optimisations des sous-systemes ternaires et d'ordre supérieur du systeme Al-Ca—Fe-
Mg-Ni-O-Si.

Les systemes CaO-NiO et MgO-NiO ont été étudiés par un équilibrage et une trempe ultra
rapide suivie d’une microanalyse aux rayons X a I’aide d’une sonde électronique (EPMA) des
échantillons trempés pour résoudre les divergences entre les données expérimentales disponibles
dans la littérature. La lacune de miscibilité dans la solution solide de monoxyde CaO-NiO a été
mesurée entre 1200 et 1600 °C. Les équilibres de phases entre la solution de monoxyde MgO-
NiO et Ni ont été étudiés a des pressions partielles d'oxygéne fixes comprises entre 10%° et 107
atm sur la gamme de températures 1000-1300 °C. Ces nouvelles mesures ont résolu les
divergences observées entre les données expérimentales antérieures sur les diagrammes de

phases, les activités et les chaleurs de mélange.
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Les parametres des modéles thermodynamiques pour les phases d'oxydes ont été optimisés pour
reproduire simultanément les résultats expérimentaux de la présente étude et toutes les données
de la littérature sur la thermodynamique et les diagrammes de phases pour les systemes CaO-
NiO, MgO-NiO et NiO-SiO,. Un ensemble de fonctions d'énergie de Gibbs auto-cohérentes a
été obtenu qui assure la meilleure description possible des propriétés thermodynamiques et des
équilibres de phases dans ces systemes. Toutes les données disponibles sont reproduites dans les

limites de I'erreur expérimentale.
Systeme MgO-NiO-SiO, (CHAPTER 6)

Le systeme MgO-NiO-SiO, a été étudié en combinant I'évaluation critique des données
expérimentales de la littérature, la modélisation thermodynamique et des mesures expérimentales
des équilibres de phases a des compositions choisies. Ces mesures expérimentales, d'une part,
peuvent étre faites plus précisément et plus efficacement et, d'autre part, fournissent les données

les plus importantes pour la modélisation thermodynamique.

En particulier, les conodes olivine / monoxyde, olivine / proto-pyroxene, liquide / olivine et
liquide / cristobalite ont été mesurées afin de compléter les données de la littérature et résoudre
certaines contradictions. L'étude expérimentale a été réalisée sur toute la gamme de températures

1400-1650 °C en utilisant une technique d'équilibrage et de trempe suivie d'EPMA.

Les parametres des modéles thermodynamiques pour les phases d'oxydes ont été optimisés pour
reproduire simultanément les résultats experimentaux de la présente étude ainsi que les données
thermodynamiques et les diagrammes de phases disponibles dans la littérature pour le systeme
MgO-NiO-SiO,. Un ensemble de fonctions d'énergie de Gibbs auto-cohérentes a été obtenu qui
assure la meilleure description possible des propriétés thermodynamiques et des équilibres de
phases dans ce systeme. Toutes les données disponibles sont reproduites a I’intérieur des

incertitudes expérimentales.
Systeme CaO-MgO-NiO-SiO; et ses sous-systemes ternaires CaO-NiO-SiO, et
CaO-MgO-NiO (CHAPTER 7)

Le systeme quaternaire CaO-MgO-NiO-SiO, et ses sous-systemes ternaires contenant NiO

CaO0-NiO-SiO, et CaO-MgO-NiO ont été optimisés a une pression totale de 1 atm.
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Certains écarts dans les données de la littérature pour le systéme CaO-NiO-SiO; ont été mis en
évidence. Pour résoudre les conflits dans les données de la littérature, une nouvelle étude
expérimentale a été realisée dans ce travail. La procédure expérimentale a impliqué un
équilibrage et une trempe ultra rapide suivie d’une microanalyse aux rayons X a l’aide d’une

sonde électronique (EPMA) des échantillons trempés.

Les conodes entre les oxydes liquides (scories) et les oxydes solides ont été mesurées sur les
sections isothermes du diagramme de phases CaO-NiO-SiO, a des températures comprises entre
1330 et 1500 °C. Les nouvelles données expérimentales ont été comparées aux resultats publiés

antérieurement et les divergences ont été clarifiées.

Une optimisation simultanée de toutes les données disponibles dans le systéme quaternaire CaO—
MgO-NiO-SiO, et dans ses sous-systemes ternaires CaO-NiO-SiO, et CaO-MgO-NiO a été
effectuée. Les nouvelles données expérimentales et les résultats expérimentaux publies
antérieurement ont été pris en considération. Les parametres des modeéles optimisés pour les
phases d'oxydes reproduisent toutes les données disponibles dans les limites de I'erreur
expérimentale. Un ensemble de fonctions d'énergie de Gibbs auto-cohérentes des phases d'oxydes

pour les systemes chimiques a été dérive.
Systeme Al-Fe-O (CHAPTER 8)

Une optimisation simultanée de toutes les données disponibles dans le systeme Al-Fe-O a une
pression totale de 1 atm a été effectuée. Un ensemble de fonctions d'énergie de Gibbs auto-
cohérentes des phases d'oxydes pour le systeme Al-Fe-O a été dérivé. La description des
données de propriétés thermodynamiques et de relations de phases a été obtenue. Les parameétres
des modeles optimisés pour les phases d'oxydes reproduisent toutes les données disponibles dans

les limites de I'erreur expérimentale.
Systeme Al-Ni-O (CHAPTER 9)

Certains écarts dans les données de la littérature pour la section Al,03—NiO du systeme Al-Ni-O
ont été mis en évidence. Pour aider a résoudre les conflits existant dans la littérature, une
nouvelle étude expérimentale a été réalisée dans ce travail. La technique expérimentale améliorée
inclut un équilibrage et une trempe ultra rapide suivie d’une microanalyse aux rayons X a I’aide

d’une sonde électronique (EPMA) des échantillons trempés. La section Al,O3—-NiO du
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diagramme de phases Al-Ni-O a été mesurée a 1500 et 1600 °C dans l'air. La solubilité de Al,O3
dans NiAl,O4 ainsi que les solubilités mutuelles de a-Al,O3 et NiO ont été mesurées. Ces

mesures expérimentales ont fourni des donnees supplémentaires pour la modélisation

thermodynamique ultérieure.

Une optimisation simultanée de toutes les données disponibles dans le systeme Al-Ni-O a une
pression totale de 1 atm a été réalisée. Les nouvelles données expérimentales et les résultats
expérimentaux publiés antérieurement ont été pris en considéeration. La meilleure description
possible des données de propriétés thermodynamiques et de relations de phases a été obtenue. Les
parameétres des modéles optimisés pour les phases d'oxydes reproduisent toutes les données
disponibles dans les limites de I'erreur expérimentale. Un ensemble de fonctions d'énergie de

Gibbs auto-cohérentes des phases d'oxydes dans le systeme Al-Ni-O a été deérive.
Systeme Fe-Ni-O (CHAPTER 10)

Certains écarts dans les données de la littérature pour le systeme Fe-Ni—-O ont été mis en
évidence. Pour aider a résoudre les conflits existant dans la littérature, une nouvelle étude
expérimentale a été réalisée dans ce travail. Les compositions de wistite / alliage et spinelle /
alliage a I’équilibre ont été mesurées a 1200 °C a des pressions partielles d'oxygene log;o[P(O>),
atm] = -9 et -10. La technique expérimentale améliorée a inclus une microanalyse aux rayons X a
I’aide d’une sonde électronique (EPMA). Ces mesures expérimentales ont fourni des données

supplémentaires pour la modélisation thermodynamique ultérieure.

Une optimisation simultanée de toutes les données disponibles dans le systeme Fe—Ni-O a une
pression totale de 1 atm a été effectuée. Les nouvelles données expérimentales et les résultats
expérimentaux publiés antérieurement ont été pris en considéeration. La meilleure description
possible des données de propriétés thermodynamiques et de relations de phases a été obtenue. Les
parameétres des modéles optimisés pour les phases d'oxydes reproduisent toutes les données
disponibles dans les limites de I'erreur expérimentale. Un ensemble de fonctions d'énergie de

Gibbs auto-cohérentes des phases d'oxydes du systéme Fe—Ni—-O a été dérivé.
Systemes Al-Fe-Ni-O, AI-Mg-Ni-O et Fe-Mg-Ni-O (CHAPTER 11)

La base de données thermodynamiques, combinée aux bases de données obtenues antérieurement

pour les systemes Fe-Ni-O, Al-Ni-O, et Mg-Ni-O, s'est avérée étre capable de prédire les
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propriétés thermodynamiques et les équilibres de phases dans les systéemes chimiques Al-Fe—Ni-
O, AlI-Mg-Ni-O et Fe-Mg-Ni-O. Les données expérimentales disponibles sont en bon accord
avec les prédictions du modele. L unique parametre du modele optimisé pour la phase liquide
reproduit les données de liquidus disponibles pour le systeme Al-Fe—Ni—O dans les limites de

I'erreur expérimentale.
Systémes Al-Ni-O-Si et Fe-Ni-O-Si (CHAPTER 12)

Nous avons effectué une optimisation simultanée de toutes les données disponibles sur une large
gamme de températures et de pressions partielles d'oxygéne (de l'air jusqu’a la saturation en
métal) dans les systemes AI-Ni—-O-Si et Fe-Ni-O-Si a une pression totale de 1 atm. Les
équations de modeles optimisées pour les propriétés thermodynamiques de toutes les phases
reproduisent toutes les données disponibles sur la thermodynamique et les équilibres de phases

dans les limites de I'erreur expérimentale.
Systeme Fe-Mg-Ni-O-Si (CHAPTER 13)

En utilisant I'ensemble des parameétres de modeéles optimisés, les prédictions des équilibres de
phases dans le systeme Fe—Mg-Ni—O-Si ont été faites et les paramétres des modeles ont été

verifiés a partir des données disponibles dans la littérature.
Systémes Ca-Fe-Ni-O et Ca-Fe-Ni-O-Si (CHAPTER 14)

En utilisant I'ensemble des parameétres de modeéles optimisés, les prédictions des équilibres de
phases dans les systemes Ca—Fe—-Ni—O et Ca—Fe—Ni—O-Si ont été faites et les parameétres des

modeles ont été vérifiés a partir des données disponibles dans la littérature.

La base de données actuelle a été incorporée dans les bases de données existantes de FactSage.
Ainsi, la gamme d'applications des bases de données de FactSage a été élargie et les bases de
données existantes ont été mises a jour pour décrire les données expérimentales d'intérét

industriel les plus récentes et les plus précises.

La base de données obtenue couplée a un logiciel de minimisation de I'énergie de Gibbs permet
de prédire les équilibres de phases de liquidus et de solidus ainsi que certaines propriétés
thermodynamiques dans les conditions (gamme de compositions, de températures et de pressions

partielles d'oxygene) les plus utiles pour les opérations metallurgiques.
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En ce qui concerne les travaux futurs, Cr et Co pourraient étre ajoutés dans la base de données ;
Cr étant I'un des principaux composants des minerais latéritiques et Co étant I'une des principales
impuretés dans le produit final de la transformation de ces minerais. De plus, la base de données

pourrait étre étendue pour inclure les sulfures afin de pouvoir calculer les équilibres

matte/laitier/metal.
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INTRODUCTION

The present project deals with the development of a comprehensive thermodynamic database for
simulation of nickel extraction from laterite ores. In fact, accurate modeling of an industrial
process is a complex task since all kinds of transport phenomena, including various aspects of
non-equilibrium fluid dynamics, should be considered. While thermodynamic databases serve to
equilibrium state calculations and provide a thorough description of phase relations in various
systems in a wide range of conditions, they also aim at being suitable for application to industrial
process simulations. Taking into account the fact that the operating conditions of most smelters
are not far from equilibrium [3], one can expect thermodynamic calculations to be rather accurate

for being used in industrial practice.

In order to develop a self-consistent multi-component thermodynamic database for nickel
extraction from laterite ores, a large scale research program was undertaken over the past several
years, which naturally combined experimental investigation and computer-assisted
thermodynamic modeling. Chemical systems relevant to nickel laterite ore processing were
experimentally studied and optimized. The thermodynamic modeling part was performed using
the FactSage thermochemical software and its databases [1] developed at the Centre for Research
in Computational Thermochemistry, Ecole Polytechnique de Montreal, Canada. The
experimental program was carried out by our colleagues from the Pyrometallurgy Research

Centre, Brisbane, Australia [2].

The experimental and thermodynamic modeling parts were closely integrated in order to enhance
the effectiveness of the overall program in terms of quantity of the required experimental work
and availability of specific data that are essential for thermodynamic modeling. This was
achieved by applying thermodynamic assessments to identify priorities for experiments and
planning experimental measurements to provide specific data for thermodynamic modeling. This
approach increased the predictive ability of the applied thermodynamic models and enabled the
characterization of phase relations over the wide range of compositions, temperatures and oxygen

partial pressures of direct importance to metallurgical industries.

At present nickel metal is mostly extracted from high-grade sulphide ores; the rest is produced
from low-grade laterite ores. The continued depletion of high grade nickel sulphide ores has led

to greater efforts in recovering nickel from low-grade laterite ores, which are classified into two



groups: the high-magnesia ores (saprolites or serpentines) and the high-iron, low-magnesia
hydroxides (limonites) [4]. Nickel is normally recovered from the high-magnesia ores by
smelting under reducing conditions to produce ferronickel alloy, while limonites can be processed
by selective reduction followed by leaching with an ammonia—ammonium carbonate solution [4].

General laterite processing technologies are discussed in detail in Section 1.1.

Rhamdhani et al. [5, 6] reported that the factors affecting the nickel recovery in the latter
processes are quite complex. It was demonstrated that the chemical and physical characteristics
of the ore played an important role in overall nickel recovery. Moreover, it was shown that
thermodynamic factors also play a significant role and should be thoroughly studied for
optimizing processing technologies.

The chemistry of laterite processing technologies can be presented by the Al-Ca—Cr—-Fe-Mg-Ni—
O-Si multi-component chemical system, where Fe, MgO, NiO and SiO, are the major
components. Although S might be present in some processes for treating laterites ores,
optimization of matte/slag/metal equilibria was out of the scope of the present study. Despite the
importance of this multi-component chemical system, there is a lack of experimental information
in its subsystems and phase relations are not well established, even in the lower-order systems.
However, to optimize laterite ore processing metallurgy, accurate calculations of the distribution
of nickel between various solid oxide phases and the metallic phase, or slag (liquid oxide) and
metal, are essential. A thermodynamic database which correctly describes phase equilibria in this
chemical system is important for improving Ni extraction, optimizing processing conditions
(such as temperature, oxygen partial pressure), reducing operating costs and developing new
environmentally-friendly and energy-efficient pyrometallurgical processes of Ni recovery from

laterite ores.

In this study, the database for oxide systems of the Al-Ca—Fe—Mg-Ni—O-Si multi-component
chemical system was created. This was accomplished by means of thermodynamic modeling
which was combined with the experimental study of phase equilibria. The methodology of the
research was the following. A preliminary thermodynamic modeling and critical assessment of all
experimental data available in the literature were carried out to identify the areas where the model
parameters could not be well constrained due to the shortage or contradiction of the experimental

information. New experimental measurements were then planned over the composition and
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temperature ranges where the experiments are most reliable and useful for thermodynamic

modeling.

The experimental procedure developed by our colleagues from the Pyrometallurgy Research Centre,
Auwustralia [2] involved equilibration and ultra rapid quenching followed by accurate measurements of
compositions of phases using electron probe X-ray microanalysis (EPMA) of quenched samples.
Since the analysis took place after equilibration, the changes in composition during equilibration did
not affect the accuracy of the results. Tie-lines between equilibrated phases were measured directly,
providing essential data for subsequent thermodynamic modeling. The advantages of the applied

experimental technique are highlighted in Section 3.2.4.

The obtained experimental data along with the previously published experimental results were
used in a thermodynamic “optimization” of all oxide phases in 4 binary, 7 ternary, 5 quaternary
and 2 quinary systems of the Al-Ca—Fe-Mg—Ni—O-Si multi-component chemical system. The
results of optimizations are discussed in Sections 5.5, 6.5, 7.8, 8.4, 9.5, 10.4, 11.4, 12.3.2, 12.4.2,
CHAPTER 13 and CHAPTER 14.

In a thermodynamic “optimization” of a system, all available thermodynamic and phase diagram
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. All calculations were carried

out using the FactSage thermochemical software and databases [1].

The liquid oxide phase has been modeled by the Modified Quasichemical Model [7, 8], which
takes into account the second-nearest neighbour short-range ordering of cations in the melt.
Models developed for the spinel and pyroxene solid solutions were based on the Compound
Energy Formalism [9], which takes into consideration the crystal structure and physical nature of

each solution. Metallic, monoxide and corundum solutions have been described with a simple
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Bragg-Williams model. The detailed description of models used in this study is presented in
Section 4.5.



CHAPTER 1 OVERVIEW OF LATERITE ORES PROCESSING

Equation Chapter (Next) Section lincreasing demand for stainless steels and other nickel alloys
by growing economies is driving demand for nickel. As can be seen from Figure 1.1 and Figure
1.2 [10], Canada is one of the leading exporters of unwrought nickel, nickel mattes and other
products of nickel metallurgy. Nickel basically occurs in two types of ores: magmatic sulphides
and laterite ores. Laterite ores are found in two general regions and are referred to as wet or
tropical laterites (from Cuba, Indonesia, New Caledonia, etc.) or dry laterites as found in
Australia. Many years of exploitation led to depletion of sulphide ore bodies. Moreover, these
ores are usually more expensive to mine due to their position at greater depths. However,
worldwide, the majority of nickel is still produced from sulphide sources, although this is rapidly

changing [11].
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Figure 1.1: World exporters of unwrought Figure 1.2 : World exporters of nickel mattes

nickel [10] and other products of nickel metallurgy [10]

1.1 Laterite ore

Laterite ores are typically low grade deposits, averaging 1.5 to 2.5% Ni and 0.05 to 0.2% Co
[12]. Provided that most of these deposits found usually in the tropics are close to the surface,
mining is relatively low cost. On the other hand, because of their location, laterite ores contain a

substantial amount of moisture.



Lateritic nickel deposits consist of heterogeneous mixtures of hydrated iron oxides and hydrous
magnesium silicates [13]. The basis of the lateritic ore is olivine [(Fe,MQg),SiO4]. This often
contains small amounts of nickel due to the fact that the ionic radii of Fe**, Mg®* and Ni?* are
very similar so that nickel can substitute either iron or magnesium in the olivine structure.
Nickeliferous olivines are attacked and gradually dissolved by surface waters that have been
made acidic by dissolved carbon dioxide and organic acids derived from decomposing vegetable
matter. Iron is oxidized and is precipitated from solution near the surface as a hydrated iron
oxide, goethite. Much of the cobalt and part of the dissolved nickel is co-precipitated with the
iron in solid solution in the goethite lattice, resulting in an iron-rich, nickeliferous mineralization,
which is usually described as limonitic ore. The remaining dissolved nickel, together with the
magnesium and silica, is carried on down through the underlying basic rock. As it descends, the
pH of ground water increases due to reactions with the bed rock and this causes the precipitation

of hydrous nickel-magnesium silicates (garnierites).

A typical lateritic nickel deposit can therefore usually be divided into three distinct zones, which

occur at increasing depths from the surface [11, 13]:

1. Limonite zone. This zone lies closest to the surface and consists primarily of goethite, a-
FeOOH. Nickeliferous limonite is generally quite uniform in chemical and mineralogical
composition and characteristically has a relatively low nickel content, poor crystallinity
and very fine grain size.

2. Saprolite zone. At lower depths, just above the bed rock, lays the saprolite zone, which is
mainly composed of serpentines or hydrous magnesium silicates Mg3Si,Os(OH),4, with
nickel replacing Mg to form hydrous magnesium silicates garnierites (Mg,
Ni)3Si,Os(OH)4. The garnierite zone usually contains ore with the highest concentrations
of nickel, but it is extremely heterogeneous, both in chemical and mineralogical
composition.

3. Transition zone. Between the limonitic and the garnieritic zones, a transition zone usually
occurs, containing significant garnierites as well as some clays like nontronite
Nag sFe,(Si,Al)4010(OH),-nH,0. The bulk of nickel is associated with the nontronite.

A profile of the variations in chemical composition of a typical nickel laterite deposit is shown in

Figure 1.3 [11]. It is demonstrated by the figure that the average iron concentration steadily drops



with increasing depth, whereas the concentration of magnesium increases with depth. Nickel

follows magnesium and silica and is found at highest concentrations in the garnieritic zone.
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Figure 1.3: Typical tropical laterite profile, along with processing options [11]

The two principal types of the ore found in most laterite deposits, namely the iron-rich limonitic
ores and the magnesium- and silica-rich garnieritic ores are so different mineralogically that, to
date, each has been treated by different processes for the recovery of nickel [13]. The garnieritic
ores are very heterogeneous in nature but are rich in nickel, containing up to 3% Ni, and
conventionally these are treated by pyrometallurgical processes. Smelting to ferronickel in
electric furnaces is a well known and proven technology. However, it requires high energy
consumption and needs to be performed on a large scale to be cost-competitive [11]. The
alternative is the production of nickel matte by mixing the ore with sulfur or pyrite and carrying

out smelting.

The limonitic ores, on the other hand, are mineralogically very uniform, being composed
principally of goethite [13]. They are too high in iron and too low in nickel to be economically
smelted to ferronickel. They are instead treated by hydrometallurgical processes. A widely used
process for treating limonitic ores is direct leaching of untreated limonitic ore with sulfuric acid
at high temperatures and pressure (HPAL). HPAL is the process of choice for large scale

developments; smaller scale developments are based on Atmospheric Leaching (AL) or Heap
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Leaching (HL) technologies since these processes do not rely on autoclave technology and are
therefore perceived to be less capital intensive and easier to operate [11]. HPAL has the
advantage of high nickel recovery; however, it does suffer from significant waste disposal issues.
Laterite ores low in magnesium and aluminum are amenable to acid leaching due to less acid
consumption, however, ores high in iron and magnesium are best processed with ammonia-
ammonium carbonate solutions (Caron process) [12]. Although the current study is concerned
with the development of an extensive database appropriate for various ways of pyrometallurgical
nickel production from laterite ores, the Caron process will be considered in detail since initially
this study was performed in response to reduced nickel recovery from the ore at the BHP Billiton
Yabulu refinery, where a modified Caron process is used.

1.2 Caron process

Developed in the 1940s, the Caron process is the oldest for processing limonitic ores [14]. The
process, which utilizes atmospheric ammoniacal leaching of the pre-reduced ore, has two main
advantages over the HPAL process: avoidance of high temperature and pressure and recycling of
the leaching reagents. The process is applicable to high iron limonitic laterite ores or a mixture of

limonites and garnierites and involves the following operations [13]:

1. Ore drying and grinding. The ore is first dried in direct-fire rotary kilns to about 2-3%
moisture. Since the moisture content of the raw ore is usually in the range 30-50 wt. %,
considerable energy is expended in the drying operation.

2. Reduction roasting. Reduction roasting is the most critical step in the process. The
objective is to reduce selectively nickel and cobalt to the metallic state while minimizing

the reduction of iron according to the reaction:
NiO +2Fe,0, +3H, = FeNi + Fe,0, +3H,0 (1.2)

Nickel in limonitic ores is relatively loosely bonded to goethite (matrix of limonite
composite) and is effectively reduced at ~700 °C. Efficient reduction of garnieritic nickel
silicate is, however, more difficult since nickel and cobalt are locked in a silicate matrix
and are difficult to reduce [15].



3. Leaching. The hot reduced ore leaving the roasters is first cooled to 150-200 °C under a
reducing atmosphere and is then discharged into quench tanks containing ammoniacal
ammonium carbonate leach solution. This solution, which is recycled from the leach
residue washing circuit, contains about 6.5 wt.% NH3, 3.5 wt.% CO,, and 1 wt.% Ni.
Leaching is carried out in a series of agitated tanks into which air is introduced in order to
oxidize and dissolve the iron-nickel alloy. In spite of the high pH of the leach solution,
which is about 10, hydrolysis of nickel and cobalt is prevented by their strong affinities
for dissolved ammonia, which result in the formation of soluble nickel and cobalt
complex ammine ions. Iron, on the other hand, although initially dissolving as ferrous
ammine complexes, is rapidly oxidized to the ferric state, which hydrolyses and

precipitates as ferric hydroxide, eventually leaving the process in the leach residues:
FeNi+0, +8NH, +2H,0 = Ni(NH,),*" + Fe(NH,),** + 40H " (1.2)
Fe(NH,),* +0, +80H ™ +2H,0 = 4Fe(OH), +8NH, (1.3)

Following leaching, the pregnant leach liquor is separated from the undissolved barren

solids by countercurrent decantation washing in a series of thickeners.

4. Metal recovery. The pregnant liquor is first filtered to remove suspended solids and then
hydrogen sulphide gas or ammonium sulphide solution is mixed with the liquor to cause
precipitation of cobalt sulphide. The cobalt-free solution then passes to the nickel
precipitation stage. Ammonia is removed from solution by steam heating, causing
precipitation of basic nickel carbonate (BNC), which is then roasted to recover CO,.
Ammonia and carbon dioxide are recovered for reuse in the leaching circuit by absorbing
the gases in water and returning the ammonium carbonate solution to the countercurrent

decantation washing circuit. Nickel metal is then obtained by various ways.

There are several advantages of the Caron-type processes [13]. First, there is almost no
consumption of the leaching reagents, ammonia and carbon dioxide, in the process due to their
recycling. In addition, the leaching reactions are selective for nickel and cobalt, with iron, the
major component of the ore, remaining in the leach residue. However, the Caron process has not
become a defining technology and there are only four Caron plants in operation [14]. The

disadvantages of the process include increased energy requirements for drying and reduction
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roasting, and reduced overall metal recovery, which is typically 75-80 % recovery of nickel and
only 40-50 % recovery of cobalt [13]. Moreover, the process is mainly applicable to high iron
limonitic laterites. The amount of silicate ore that can be accepted is limited due to losses of

nickel caused by forsterite formation during roasting.

Although laterite ores due to their proximity to the surface are relatively attractive from the
mining point of view, existing technologies that currently produce nickel worldwide utilize only
about half of the nickel laterite deposits [16]. Other sources are not utilized due to complex
mineralogy. So, the current laterite processing technologies require substantial modernization to

make nickel extraction from laterite ores economically attractive.

1.3 Characterization of the ore from the BHP Billiton refinery

In order to understand factors which might help increase nickel recovery from the lateritic ores,
several studies by Rhamdhani et al. [5, 6] were undertaken, which aimed at characterization of
the lateritic ore at the BHP Billiton Yabulu refinery. These studies were performed in response to
reduced nickel recovery from the ore at the refinery, where nickel and nickel oxide are produced
from a mixture of limonite and serpentine ores (70 and 30 wt.%, respectively) through a

modified Caron process. The process details are given as following.

Nickel lateritic ores are processed through reduction roasting in multiple hearth roasters to a
maximum temperature of approximately 740°C. The reducing conditions are achieved through
partial combustion of fuel oil and supplementary hydrogen added to the hearths. Ammoniacal
leaching is then performed. The resulting liquor is refined by solvent extraction and subsequently
basic nickel carbonate (BNC) is precipitated to form an intermediate product. BNC is then

partially reduced in a rotary kiln before final gaseous reduction to nickel metal compacts.

Rhamdhani et al. [5, 6] performed detailed microstructure and phase characterization of the
processed nickel laterite ore using scanning electron microscope (SEM), electron probe X-ray
microanalysis (EPMA) and synchrotron X-ray powder diffraction. EPMA was used to
characterize the compositions of the phases in the ore feed (see results in Table 1.1), reduced ore
and leached ore. The proportions of the phases were determined by estimating the area on the
SEM micrographs.
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Rhamdhani et al. [5, 6] found that the majority of the nickel in the ore feed is associated with

fine-grained goethite (matrix of limonite composite), and in the serpentine particles; these phases

transformed to magnetite and olivine, respectively, upon reduction roasting and partly to iron-

nickel alloy. In the case of serpentine, it was not totally clear whether the process was limited by

Kinetics or equilibrium. However, in the case of the Fe-rich matrix, it appeared that the formation

of iron-nickel alloy, which directly affected the nickel recovery upon leaching, from this mixture

was limited by equilibrium. At the conditions of interest, all of the nickel extractable from the

thermodynamic point of view was extracted from Fe-rich matrix. If thermodynamic approach is

to be used, accurate reliable thermodynamic databases are indispensable. They can be effectively

applied for improvement of existing industrial operations and searching novel approaches and

processes with increased nickel recovery from laterite ores.

Table 1.1: Summary of major particle and phase average compositions, measured by EPMA,

observed in the ore feed sample (wt.%)

Approx. Particle Phase Name Approx. | MgO | SiO, [Fe, 03| AlL,O3 | NiO
wt.% of proportion | wt.% |wt.% | wt.% | wt.% | wt.%
total in particles
Fe-rich matrix 70.0% 3.8 76 | 702 | 44 | 214
Goethite (Fe.Ni)O(OH) 12.0% 0.6 22 | 796 | 39 | 142
Magnetite 5.0% 0.4 08 | 914 | 34 | 047
(Fe.Ni)O-Fe,04
Chromite  (Fe,Mg)O- 2.0% 9.8 0.1 | 213 | 17.7 | 0.08
(Cr, Al Fe),03
Limonite Limonite
composite | 60.0% Jcomposite o ontine (Mg, Fe,| 60% | 275 | 329 | 226 | 11 | 2.26
Ni)3Si,05(OH),4
Olivine 1.0% 40.7 | 465 | 94 | 0.7 | 174
(Mg,Fe,Ni),SiO,
Olivine-  |Serpentine 1.0% 334 [ 395 | 9.0 04 | 2.33
Serpentine
Composite [Olivine 1.0% 432 | 474 | 55 13 | 1.64
Quartz SiO, 2.0% 02 [978 | 16 0.1 | 0.07
Goethite 5.0% |Goethite Goethite (Fe,Ni)O(OH) 100.0% 1.2 19 | 788 | 47 | 1.03
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Table 1.1 (Continued): Summary of major particle and phase average compositions, measured by
EPMA, observed in the ore feed sample (wt.%)

Spinel 2.0% |Magnetite Magnetite 100.0% 0.3 0.8 [ 909 | 36 | 0.34
(Fe,Ni)O'FEZOg,
2.0% |Chromite Chromite 100.0% 9.1 0.1 | 26.1 | 13.3 | 0.09
(Fe,Mg)O-(Cr,
AI,FE)zog
Serpentine | 24.0% |Serpentine Serpentine 100.0% 321 [ 396 | 100 | 22 | 2.65
(Mg,Fe,Ni)3Si205(OH)4
Serpentine 95.0% 358 [ 394 | 9.2 05 | 1.68
Serpentine (Mg,Fe,Ni)3Si,O5(0OH),
2.0% : .
with magnetite
inclusions Magnetite 5.0% 1.1 14 [ 928 | 1.7 | 041
(Fe,Ni)O-Fe,04
Olivine 1.0% |Olivine Olivine 100.0% 36.3 | 435 | 165 | 16 | 161
(Mg,Fe,Ni),SiO,
Olivine- Serpentine 50.0% 343 | 429 | 6.8 0.1 | 2.65
serpentine (Mg,Fe,Ni)3Si,O5(0OH),
composite
| 50.0% 40.6 | 498 | 6.8 0.7 | 1.64
Olivine
0,
1.0% (Mg,Fe,Ni),SiO,
Quartz 3.0% |Quartz Quartz SiO; 100.0% 0.1 99.3 | 04 0.0 | 0.02

1.4 Goal of the present study

The current thesis was aimed at the development of a thermodynamic database to characterize
NiO-containing oxide systems in the Al,03;—CaO-FeO-Fe;,03—-MgO-NiO-SiO; (Al-Ca—Fe-
Mg-Ni-O-Si) multi-component system at high temperature of interest to nickel
pyrometallurgical processes. All solid and liquid phases of 4 binary, 7 ternary, 5 quaternary and 2
quinary systems of the multi-component chemical system were optimized in the present study,

using the FactSage thermochemical software and databases [1, 17].

The database development performed at the Centre for Research in Computational
Thermochemistry, Montreal, Canada (CRCT) was carried out by means of thermodynamic
modeling, which was closely related to experimental study of phase equilibria performed by our

colleagues from the Pyrometallurgy Research Centre, Australia. This approach greatly increased
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the effectiveness of the overall program by reducing the amount of the required experimental
work and providing specific experimental data for thermodynamic modeling by applying
thermodynamic assessments to identify priorities for experiments and planning experimental
measurements to provide specific data for thermodynamic modeling. The methodology of the

research is explained in detail in the next chapter.



14

CHAPTER 2 METHODOLOGY

Equation Chapter (Next) Section 1An overall research program applied in this thesis was
basically a combination of experimental studies of phase equilibria and thermodynamic
modeling, which were performed in an interactive way. This approach was successfully applied for
chemical systems important to other industrial applications, including ferrous and non-ferrous
smelting slags, coal ash fusion temperatures, ceramic systems, refractories and geological

applications [18].

The methodology of the research involved a series of steps:

1. Literature review, critical assessment. First, a literature review and critical assessment of
previously published thermodynamic and phase equilibrium data for the NiO-containing
systems were performed using thermodynamic modeling. Available thermodynamic
information on the individual components such as heat capacity, entropy, enthalpy, Gibbs
energy, as well as phase equilibrium measurements, cation distribution, etc. were analyzed

for their consistency and accuracy.

2. Initial model calculations. Parameters of models were obtained by optimization to fit the
experimental data collected from the literature. The coefficients of the models were
determined from the experimental data by a trial and error method.

3. Experimental investigation using Equilibration/quenching/EPMA  technique
(PyroSearch, Australia). For several lower-order subsystems, experimental data were
missing in the literature because these systems are of no direct importance for practical
applications. In case there was not enough data to constrain the model parameters, or
significant discrepancies in the available data were revealed, a limited number of
experimental measurements were planned for temperatures and compositions which were
found to be most useful for thermodynamic modeling. The experimental investigation was
carried out by our colleagues from the Pyrometallurgy Research Centre, Australia.

4. Thermodynamic optimization of lower-order systems. The new experimental data, in
combination with the available literature data, were used to obtain the thermodynamic
descriptions of the constituent lower-order systems. For each phase, a specific model was
used which most adequately reflects the structure of the corresponding phase and the
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model parameters were optimized. In this way, all the lower-order systems were

optimized.

5. Prediction of phase relations in multicomponent systems. Thermodynamic properties of
phases present in multicomponent systems were basically extrapolated from the
parameters optimized in the lower-order systems, using the ability of the models to

extrapolate in a thermodynamically correct manner.

6. Verification of models against available experimental data. The predictive ability of
models was verified in regards to the experimentally studied multicomponent phase

equilibria.

Using the above-described methodology, the amount of the work required to obtain an accurate

thermodynamic description of a multicomponent system was significantly reduced.
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CHAPTER 3 EXPERIMENTAL TECHNIQUE

3.1 General overview of experimental techniques in phase equilibria

studies

Equation Chapter (Next) Section 1Experimental techniques used in phase equilibria studies can
be divided into two major groups: dynamic and static methods. Dynamic techniques are based on
measurement of property change which occurs as the system is undergoing phase transformation.
The most widely used dynamic techniques are thermal, differential thermal (DTA) and
thermogravimetric analyses (TGA). The common disadvantage of any dynamic type technique is
the fact that the system is in a non-equilibrium condition. Metastability effects are common
sources of inaccuracies, especially in systems with sluggish phase transformations. For this
reason dynamic methods are not appropriate for the liquidus determination in the silica-

containing systems and for most solid state phase equilibria studies.

Static methods are based on the in-situ measurement of a property or observation of a sample at
an equilibrium state, for example high temperature X-ray diffraction, hot stage microscopy and
solid electrolyte cell EMF measurement. There can be a variety of other methods based on the
measurements of other properties of a system including electrical resistance, magnetic properties,
etc.

An alternative to in-situ high-temperature investigations of phase equilibria is the quenching
technique, which has advantages of the accuracy and convenience of measurements at room
temperature of the phase equilibrium occurring at high temperatures [18]. The quenching
technique involves the equilibration of the material at a specific temperature followed by rapid
cooling. For systems where the phase assemblage which exists at high temperature can be
preserved by rapid cooling to room temperature, the quenching technique is superior for phase
equilibria studies. Solid solutions, solid state phase relations and liquidus phase equilibria, where
liquids can be quenched to glass, can be investigated using quenching techniques.
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3.2 Experimental technique (PyroSearch, Australia)

A new research methodology was developed by our colleagues from the Pyrometallurgy
Research Centre (Australia), which takes advantage of improvements in the accuracy of EPMA
with wave-length detectors and enables systematic study of phase relations in metallurgical
systems [18, 19]. The experimental technique involves equilibration of samples at high
temperatures, rapid quenching followed by measurement of phase compositions in the quenched
samples using EPMA analysis. Each experiment provides information on both the liquidus
composition and on the compositions of the solid phase formed, which greatly increases the
productivity of the research. The technique was successfully applied for the investigation of

various non-ferrous and ferrous slag systems.

The equilibration/quenching/EPMA experimental approach can be explained with reference to
Figure 3.1 [20]. A small quantity of oxide mixture, with bulk composition X, is prepared from
pure powders, pelletized, and equilibrated at temperature T, below the liquidus so that two phases
(or more in higher order systems) are formed. The sample is cooled rapidly by drop quenching
directly into water following equilibration. The result is that the phases present at temperature T,
and their respective compositions are retained at room temperature. The compositions of the glass
(liquid), point a, and solid phases, point ¢, are then measured using EPMA. So, EPMA
measurement of glass and crystalline phase composition in the sample from only a single quench
provides the liquidus and the solidus at that temperature. The same mixture can be used to obtain

liquidus and solid solubility data sets at several other temperatures.
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Figure 3.1: Schematic phase diagram illustrating use of the subsolidus equilibration technique
[20]

3.2.1 Sample and crucible preparation

3.2.1.1 General sample and crucible preparation

The general sample and crucible preparation is demonstrated referring to the study [20]. Starting
mixtures are prepared from pure oxides. The mixtures are accurately weighed and mixed in an
agate mortar and pestle and then pelletized. The pellets are broken to the required shape and
placed inside open platinum crucibles for insertion into the furnace. The platinum crucibles are

folded. All crucibles are suspended by platinum wire within the furnaces. An illustration of the
crucible design is shown in Figure 3.2.



19

refractory

furnace
tube

Pt wire

Platinum
Crucible

slag and
solid(s)

",
nixture \/

Figure 3.2 : Platinum crucible design and suspension [20]

3.2.1.2 Temperature and gas atmosphere control

The experiments are conducted in a vertical tube electrical resistance silicon carbide (SiC) heated
furnaces (Figure 3.3) [20]. The furnace temperature is monitored with alumina shielded Pt/Pt-13
pct Rh thermocouple placed next to the samples with an overall temperature accuracy estimated
to be £ 3 K. The atmosphere within these furnaces is held at a fixed oxygen partial pressure using
either CO/CO; or H,/CO, gas mixtures. Flow rates of gases to the furnace are controlled using
glass capillary flow meters with the gas flowing from the bottom to the top of the furnace.

The oxygen partial pressures within the furnaces are verified with a DS-type oxygen probe,
which measures electromotive force (EMF) between the furnace atmosphere and supplied
reference air using a Y,Os-stabilized zirconia solid electrolyte cell. At oxygen partial pressures
and temperatures of the present study, the accuracy of oxygen probe is defined at + 0.1 log (pOy)

units.
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Figure 3.3: Furnace design used in equilibration experiments [20]
3.2.2 Equilibration

3.2.2.1 Phase equilibration procedure
Two methods of equilibration experiments can be used [21]:

a) Gas/oxide equilibrated in open systems at fixed oxygen partial pressure;

b) Oxide/alloy equilibrated in closed systems.

In the method (a) [20], the platinum crucibles holding specific oxide mixtures are first suspended
by platinum wire in the cold zone at the base of the furnace. The base of the furnace is then
covered with a borosilicate watch glass, which enables the samples to be viewed during
equilibration, and finally sealed with polyethylene-wrap. The furnace is then flushed with argon
gas for a period of 30 minutes, and then the relevant gas flow rates are established before the

sample is raised into the hot zone of the furnace.

The samples are positioned adjacent to the Pt/Pt-13 pct Rh thermocouple in the furnace [22].
Sample weights are monitored before and after the experiments. Each experiment is carried out in

2 steps. The first step is to pre-melt a sample at temperatures higher than that of final
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equilibration (1000 — 1400 °C) for half an hour to four hours depending on melt composition to
ensure that the sample is homogeneous. The second step is to lower the furnace temperature and
to equilibrate the sample at the desired final equilibration temperature. So, the crucibles, after
being premelted, are air quenched (if applicable; otherwise, gas mixtures are appropriately
adjusted to maintain the required oxygen partial pressure during cooling), weighed, equilibrated
at predetermined final temperatures for times sufficient to achieve equilibrium (from a half an
hour to few days) and then quenched into iced-water. On quenching, silica-containing liquid is
readily retained as glass, so that the phase assemblage that exists at the equilibration temperature

is frozen in the sample.

The temperatures and times for two-step equilibration are planned individually for each particular
melt behavior. For instance, the peritectic reaction on cooling involves diffusion through solid,
therefore, long times are required before the primary solid decomposes and the equilibrium
phases are formed. To avoid this slow diffusion step through the solid phase, mixtures are heated
during premelting to temperatures where they are completely liquid and then quenched to glass
thus ensuring no primary phase precipitated. The low temperature equilibrium phase assemblage
then crystallizes directly from metastable liquid. The opposite plan is used for melts having high
viscosity and slow crystallization: premelting temperature is selected so as to leave some primary
phase as heterogeneous nuclei.

In the method (b), the samples are placed in a closed-end 15-mm-diameter quartz tube [21]. The
tube is then evacuated to approximately 0.001 atm using a rotary vacuum pump before sealing
using an oxy-fuel torch. The sealed capsule is then suspended on a Pt wire in the furnace at the
desired temperature to reach equilibrium.

3.2.2.2 Checking of equilibrium state

The achievement of equilibrium within the system can be directly tested by measuring
compositional profiles across phases. Each reported phase composition is an average of a
minimum of five to ten measurements within that phase, performed in various parts of the
sample. At equilibrium each phase should have a uniform composition. If the composition of the
glass phase is shown to vary with location within the sample, this indicates incomplete
equilibration. The experiment is then repeated until this effect is eliminated. Attention is also

given to the morphology, shape, and compositions of the solid crystallized phases: the presence
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of crystals homogenous in composition, with well-developed facets, is taken as further indication
of the attainment of equilibrium.

Attainment of equilibrium may be also checked by comparison of the samples equilibrated for
different times. In this case, repeating experiments are conducted at extended equilibration times
by doubling or tripling the equilibration times. The fact that no further change in composition

occurs as the sintering time is increased indicates the achievement of equilibrium.

In order to confirm the achievement of equilibrium, the equilibration experiments can also be

repeated starting from different phase compositions.

3.2.3 Sample examination

After final quenching samples are separated carefully from crucibles and mounted so that whole
sections of melt from wall to wall and from top to bottom can be examined [22]. This enables any

segregation of the phases during equilibration to be detected.

Microstructures are analyzed using optical as well as electron microscopy coupled with Energy
Dispersive Spectra Analysis (EDS). Secondary and backscattered electron images and EDS are
used for preliminary examination of the microstructures. EPMA measurements are carried out
with a JEOL 8900L Electron Probe X-ray Microanalyser with wavelength dispersive detectors.
An accelerating voltage of 15 KV and a probe current of 15 nAmps are used. The average
accuracy of the EPMA measurements is within = 1 per cent of element concentration in weight
per cent. It is ensured by the appropriate selection standards. X-ray powder diffraction analysis
(XRD) is used in some cases to confirm phase identification. The XRD measurements are carried
out with a PHILIPS PW1130 X-ray diffractometer with a graphite monochromator using Cu K,

radiation.

It should be noted that the EPMA measurements provide information only on the total metal
content in a given phase. This technique does not provide information on the proportion of
cations of the same element with different valences, such as Fe?* and Fe®".

3.2.4 Advantages

Major advantageous features of the equilibration/quenching/EPMA technique may be
summarized as follows [18]:



23

The phase compositions are measured at the completion of the equilibration so that
changes of bulk composition of samples during experiment that usually take place in
high-temperature phase equilibria studies due to vaporization, reactions with containment

material or reactions between phases do not affect the accuracy of final results.

Only a small sample size (down to 10-50 um) is needed for EPMA measurements — this
essential factor enables the use of small samples and therefore achievement of extremely
rapid cooling rates within the liquid phase to be achieved (10°-10° K/s), which is

confirmed by the small grain size in the quenched sample using SEM micrographs.

The compositions of all phases in equilibrium are measured enabling for determination of
not only liquid compositions, but, importantly, the compositions of solid solutions

coexisting with these liquids.

The solid phases can be identified exactly from their compositions, accurately measured
with EPMA.

The achievement of equilibrium within the system can be directly tested by measuring
compositional profiles across phases; at equilibrium each phase should have a uniform

composition.

The use of very small slag masses means that gas/slag equilibria are readily obtained.
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CHAPTER 4 THERMODYNAMIC MODELING

4.1 Thermodynamic equilibrium modeling

Equation Chapter (Next) Section 1For the calculation of phase equilibria in a multicomponent
system, it is necessary to minimize the total Gibbs energy, G, of all the phases that take part in
this equilibrium [23]:

p
G =) nG, = minimum (4.1)
i=1

where N is the number of moles and G, is the Gibbs energy of a phase i. A thermodynamic

description of a system requires assignment of thermodynamic functions for each phase. The

contributions to the Gibbs energy of a phase can be written:

G=G, (T, X)+G,(p,T,X)+G,(T., 5, T, X) (4.2)
where G; (T, X) is the contribution to the Gibbs energy by the temperature T and the
composition X , G,(p,T, X) is the contribution of the pressure P, and G, (T,,3,,T,X) is the

magnetic contribution of the Curie or Néel temperature T, and the average magnetic moment per

atom S, .
The temperature dependence of the concentration terms of G; is usually expressed as a power
seriesof T :

G=a+bT+cTIn(T)+> dT" (4.3)

where a, b, ¢ and d, are n coefficients.

For multicomponent systems, it has proven useful to distinguish three contributions from the

concentration dependence to the Gibbs energy of a phase:

G=G°+G"™" +AG* (4.4)
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The first term G° is simply the weighted sum of the unary standard Gibbs energies, the second
G s the contribution to the Gibbs energy from the entropy of mixing of an ideal solution, and

the third AG® is the excess Gibbs energy of mixing. The form of the excess Gibbs energy

depends on the applied model.

Binary solution phases, such as liquid and disordered solid solutions, are often described as
random mixtures of the components by a regular solution type model:

G =X,Gp + XGg +RT (X, In X, + X5 In X;)+ X, X Y 'L(X, —Xp)' (4.5)

i=0
where X, and Xy are the mole fractions and G, and G; the standard Gibbs energies of

components A and B, respectively, and 'L are coefficients of the excess Gibbs energy. The sum
of the terms (XA—XB)i is the so-called Redlich-Kister polynomial [24], which is the most
commonly used polynomial in regular solution type descriptions.

From the condition that the Gibbs energy at thermodynamic equilibrium shows a minimum for
given temperature, pressure and composition, Gibbs derived the well known equilibrium

conditions where the chemical potential of each of n components, 4, , is the same in all phases:

B == ) = = = (4.6)

This equation results in non-linear equations which can be used in numerical calculations.

4.2 CALPHAD method

In 1970 Kaufman and Bernstein [25] summarized the general features of the calculation of phase
diagrams and listed computer programs for the calculation of binary and ternary phase diagrams,
thus laying the foundation for the CALPHAD method (CALculation of PHAse Diagrams).

According to the CALPHAD method, the model description of a chemical system is obtained by
combining available knowledge on the phase diagram and the thermodynamic properties of a
system. Descriptions of lower-order systems are combined to make extrapolations to higher-order
systems. For this purpose, the Gibbs energy of each phase is described by a suitable model
containing a relatively small number of variable coefficients. These coefficients are optimized
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using experimental information on phase equilibria such as melting temperatures, other
transformation temperatures, solubilities and on thermodynamic properties such as heat

capacities, enthalpies of formation, chemical potentials from EMF or pressure measurements.

4.3 Thermodynamic optimization

In this study, basics of CALPHAD modeling were employed in a thermodynamic optimization of
chemical systems. All types of data, including thermodynamic and phase equilibria data, were
evaluated simultaneously. As a result, one set of model equations for the Gibbs energies of all
phases as functions of temperature and composition was obtained. The model equations along
with Gibbs energy minimization software provide a self-consistent description of thermodynamic
properties and phase diagrams. 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,
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. Based on
physically reasonable models, obtained set of parameters can give correct predictions of phase
relations in multicomponent systems. A small set of model parameters is obtained. This is ideal

for computer storage and calculation of properties and phase diagrams.

In this project, the FactSage thermochemical software served as Gibbs energy minimization
software. FactSage was used in combination with its FactPS, FToxid and FSstel databases [1].
Even though the solubilities of minor elements in ferronickel are not well reproduced by the
FSstel database, it was well suited for calculations of the present study, since it had no major
effect on oxide phase equilibria.

4.4 FactSage software

FactSage™ package, which was introduced in 2001 [17] as a thermochemical software and
database package, was developed jointly between Thermfact/CRCT (Montreal, Canada) and
GTT-Technologies (Aachen, Germany). The package consists of a series of information,
database, calculation and manipulation modules that enable to access and manipulate pure
substances and solution databases. With the various models one can perform different
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thermochemical calculations and generate tables, graphs and figures of interest to a wide variety
of applications, such as chemical and physical metallurgy, chemical engineering, corrosion
engineering, inorganic chemistry, ceramics, combustion, electrochemistry, geochemistry,

environmental chemistry, etc.

FactSage is currently used worldwide as a research tool and educational aid at approximately 400
installations in universities, governmental and non-governmental research laboratories and
industry [1]. The package is applied for the calculation of slag/solid/gas/matte/metal/salt
equilibria in multicomponent systems of industrial interest. The main menu of FactSage

incorporates various modules, which may be grouped into four categories [1, 17]:

1. Info is provided through the General module of the FactSage software, which
incorporates presentations of all the modules as well as database documentation,

information on the FactSage family of products and services, contact details, etc.

2. Databases. Compound and solution databases can be listed and manipulated through the
Documentation, View Data, Compound and Solution modules. The FactSage databases
involve FactPS compound, solution (FToxid, FTsalt, FTmisc, FThall, FTOXCN, FTfrtz,
FThelg, FTpulp) and alloy (FScopp, FSlead, FSlite, FSstel, FSupsi, FSnobl) databases as
well as SGTE pure substances, intermetallic and solution databases. Other databases
include aqueous databases and a thermodata nuclear database. These databases are the
largest set of evaluated and optimized thermodynamic databases for inorganic systems in
the world and have been under development for over 25 years. FactSage supports 11
different solution models including simple polynomial models (Redlich-Kister and
Legendre polynomials) combined with different higher order extrapolations (Muggianu,
Kohler, Toop), the Unified Interaction Parameter Model, Modified Quasichemical Models
for short-range ordering in pair and quadruplet approximations, the Pitzer model (for
concentrated agqueous solutions) and sublattice models such as the Compound Energy

Formalism.

3. Calculate. It is possible to interact with the software and databases in a variety of ways
and calculate and display thermochemical equilibria and phase diagrams in a multitude of
formats through Reaction, Predom, EpH, Equilib, OptiSage and Phase Diagram
modules. Viscosity module is available for oxide melts viscosity calculations.
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4. Manipulate. It is possible to manipulate the results with the Results, Mixture, Figure and
Fact-XML modules.

4.4.1 FToxid and FSstel databases

The current project was devoted to the expansion of the FToxid database of FactSage. The

metallic solutions were described using the FSstel FactSage database.

FToxid is oxide database for slags, glasses, minerals, ceramics, refractories, etc. [1]. It contains
data for stoichiometric oxides and oxide solutions of the following components: Al,O3, As,;03,
B,03;, CaO, CoO, CrO, Cr,03, Cu.0, FeO, Fe,03, GeO,, K,0, MgO, MnO, Na,O, NiO, PbO,
SiOy, SnO, TiO,, Tiy03, ZnO, ZrO,. Not all binary, ternary and higher-order sub-systems were
evaluated and optimized, nor are all composition ranges covered. However, the system Al,O3-
Ca0-FeO-Fe,03-MgO-SiO, was fully optimized from 25 °C to above the liquidus temperatures
at all compositions and oxygen partial pressures. Components CoO, CrO, Cr,03, Cu,0O, MnQO,
NiO, PbO, SnO, TiO,, Ti,03, ZnO and ZrO, were added to this core six-component system and
the relevant subsystems were optimized over the composition ranges important for applications in
ferrous and non-ferrous metallurgy, production of ceramics, refractories and paint pigments.
B,03, K>O and Na,O were added to the core six-component system for applications in the glass
industry, combustion, coal gasification and waste management. The liquid/glass solution phase
called FToxid-Slag includes all the oxide components mentioned above as well as dilute
solutions of S, SO4, PO4, H,O/OH, COg3, F, Cl, I.

There are many oxide solid solutions in the database. Some of the most extensive solutions

include:

1. Spinel: (AI**, Co®*, Co*, Cr*, Cr¥*, Fe**, Fe*", Mg®*, Ni**, Zn*")[AI**, Co®*, Co*', Cr**,
Fe?*, Fe**, Mg®*, Ni**, Zn®",°0,;

2. Pyroxene: (Ca*", Fe?*, Mg)™? (AI**, Fe?*, Fe**, Mg )M} (ARP*, Fe**, Si)™Si"0g;
3. Melilite: (Ca**, Pb?")," [AIP*, Fe?*, Fe**, Mg®*, Zn**T"™(AI**, Fe**, Si), ?0y;

4. Olivine: (Ca**, Co*", Fe**, Mg®*, Mn**, Ni?*, Zn*)M? [Ca®*, Co™", Fe**, Mg?*, Mn?*, Ni*,
Zn*M!si0,.
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FSstel is a steel database [1]. It contains data for 115 completely assessed binary alloy systems,
85 ternary and 17 quaternary systems that include the elements: Al, B, Bi, C, Ca, Ce, Co, Cr, Cu,
Fe, La, Mg, Mn, Mo, N, O, Nb, Ni, P, Pb, S, Sh, Si, Sn, Ti, V, W, Zr. It provides a sound basis
for calculations covering a wide range of steelmaking processes, e.g. reduction of oxygen and
sulphur concentration levels through deoxidation and desulphurization of the melt; constitution of
a wide range of steels, including austenitic, ferritic and duplex stainless steels and including
carbide and nitride formation; conditions for heat treatment operations to produce a desired
constitution; conditions for scrap remelting to maintain as low concentrations as possible of

undesirable “tramp elements”; melt-crucible interactions, etc.

4.5 Thermodynamic phases and their modeling

The thermodynamic oxide solution phases present in the Al,03—CaO-FeO-Fe;O3—-MgO-NiO-
SiO; (Al-Ca—Fe—~Mg-Ni—O-Si) multi-component system include slag (molten oxide), monoxide
(solid oxide), corundum, olivine, spinel and pyroxenes. They are shown in Table 4.1. Cations

shown within a set of parentheses occupy the same sublattice.

Table 4.1: Stable oxide solutions present in the Al-Ca—Fe—-Mg—Ni—O-Si multicomponent system

at ambient pressure

Phase Formula Notation
name
Slag Al,03-Ca0-FeO-Fe,03—-MgO-NiO-SiO, L or Liquid
Monoxide CaO-FeO-MgO-NiO—(FeO15-AlO5) Mono  or
Monoxide
Corundum  AlO; s—FeO; 5—(NiO) Coru  or
Corundum
Olivine (Ca?*, Fe**, Mg**, Ni*hM4(Ca®*, Fe**, Mg, Ni*HM!si0, Olivine
Pyroxene  (Ca®*, Fe?*, Mg*, Ni* M4 (A", Fe**, Fe**, Mg®*, Ni*YM(AI**, Fe**, Ppx or Cpx
Si)™Si"0;
Spinel (AP, Fe**, Fe**, Mg®, Ni¥T(APF*, ca*, Fe**, Fe**, Mg®, Sp or
Ni%*,Va),°04* Spinel

*T=tetrahedral sublattice, O=octahedral sublattice
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The Modified Quasichemical Model [26, 27], which takes into account short-range ordering of
second-nearest-neighbor cations in the ionic melt, was used for modeling the slag phase (molten

oxide phase).

Monoxide solution was modeled as a simple random mixture of cations on cation sites with
simple polynomial excess Gibbs energy terms [28]. The properties of the ternary, quaternary, etc.
monoxide solution were calculated from the binary parameters using the symmetric “Kohler-like”

or asymmetric “Toop-like” techniques, depending on the chemical system [28].

The models for olivine, spinel and pyroxene solutions were developed within the framework of

the compound-energy formalism (CEF) [9].

4.5.1 Slag (liquid oxide) modeling
45.1.1 Slag structure

Slags and glasses are polymers in the form of chains, rings, etc., which are made up of SiO,*
tetrahedral units (see Figure 4.1). It is a solution of molten oxides, which include FeO, SiO, and
other oxides (Al,O3, CaO, MgO, NiO) [29]. Silica SiO, and alumina Al,O3 form so-called acidic
slags. When acidic oxides melt, they polymerize, forming long polyions. These polyions increase
slag viscosity, making it difficult to work with. The acidic slag has low solubility for other acidic
oxides (such as As,O3, Bi,O3, Sh,03). This results in difficulty in metallurgical productions,
because impurities which form acidic oxides will not be removed in slag and may remain in the
metal and matte phases. Adding basic oxides, CaO or MgO, breaks the polyions into smaller
structural units and lowers viscosity of the slag as well as the melting point of the slag.

In general, slags have the following characteristics [30]:

1. Each Si with a valence of 4 is surrounded tetrahedrally by four O ions with a valence of

2 each connecting to two Si ions;

2. In silica, these SiO4* polyhedra are connected in a three-dimensional polymerized
structure (Figure 4.1) and the oxygens are predominantly bridging oxygens;

3. Cations such as Ca**, Mg*", etc., tend to break up the Si-O bonds and de-polymerize the
melt by forming non-bridging oxygens and free oxygens i.e. oxygens not bound to Si at

all but only to the cation;
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4. Other cations such as AI**, P>, Ti* can fit into the Si polymeric chain but need to
maintain charge balance e.g. if an AI** is incorporated into a Si** chain, it must have a

Na* (or one half of a Ca?*) near the AI** to maintain local charge balance;

5. Smaller cations such as Mg?* tend to give a wider distribution of chain lengths than larger
cations such as Ba®*;

6. Cations such as Fe®*" in small concentrations can act as network breakers but in higher

concentrations can be incorporated into the chain in a similar way to AI**;

7. The degree of polymerization can be expressed in terms of the numbers of bridging, non-

bridging and free oxygens;

8. The structure of melts (both slags and metals) can be represented using thermodynamic
quantities (e.g. excess free energy) since thermodynamics provides a description of bond

strengths;

9. Some metallurgical slags have a high basicity (e.g. CaO/SiO,>2) and consequently the
Si*" ions are predominantly in the form of monomers i.e. completely de-polymerized.

i | P A By LA -

: e, -'__,--"' g -.___,.-" Sy .

S de 4 g "
Si Si Si

: .2.. :

Figure 4.1 : Schematic representation of a silicate chain [30]

Dealing with systems involving silica is the main reason of difficulties of slag modeling [31].

Because silica is a relatively strong acid, the excess Gibbs energy of its interaction in solutions

with alkaline-earth oxides cannot easily be represented using the polynomial expansion model.
Furthermore, silica exhibits a miscibility gap with most of the oxides found in slags.
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45.1.2 Development of thermodynamic slag modeling

The Gibbs energy of a solution phase has the following general form:
G =) XG +RTY_X;In X, +AG* (4.7)

In this equation, the first term is simply the weighted sum of the unary data, the second is the sum
of contributions from the configurational entropy to the Gibbs energy of mixing, and the third is

the excess Gibbs energy. The form of the excess Gibbs energy depends on the applied model.

During the past decades, efforts have been made to develop thermodynamic models for multi-
component oxide systems [31]. These models have been incorporated into computer programs,
such as the MTDATA [32], Thermo-calc [33] and FactSage software packages [34], in order to
cope with complex metallurgical problems. The most intensively applied models include the
ionic liquid model [35], the associate model [36] and the Modified Quasichemical Model [7, 8],
the latter used for modeling the slag in the present study. These models are based on phase

equilibrium and thermodynamic data for various chemical systems available in the literature.

4.5.1.3 Two-sublattice ionic liquid model

In the two-sublattice ionic liquid model [35], it is assumed that there are two sublattices, one for
cations and the other for anions and neutral constituents [31]. This model is implemented in
Thermo-Calc, MTDATA and GEMINI2 [37]. The ratio of sites on the two sublattices is not
fixed; instead, it changes to maintain charge balance. In the CaO-SiO, system, for instance, the
cation sublattice carries only Ca** ions and the anion sublattice carries 0%, SiO,*, and SiO.. The
model has considerable flexibility because associates can be introduced, usually on the second
sublattice. The main disadvantage of the ionic liquid model is problems with assigning data to

charged end members of solution phases.

45.1.4 Associate Model

In the associate model [36], the sharp minimum in Gibbs energy of the liquid at specific
composition can be achieved by assuming the associate composition [31].

Let us consider a simple case, i.e. the formation of the associate MSiOj3 in the MO-SiO, binary

system by the following reaction, with the Gibbs energy Ag,q;:
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MO + SiO, = MSiO, (4.8)

Let X, and Xg be mole fractions of components M and Si, N'y,and Ny, — moles of
unassociated MO and SiO; and Ny, — moles of associates. Then

MO

m = N mo T Nusio, » Xg=n sio, T Nusio, (4.9)

MSiO3; “associates” and unassociated MO and SiO, are randomly distributed over the lattice
sites. The configurational entropy is given by

AS™™ = —R(N'yo IN Xy + M50 IN X g0 +Nyg0 1N X ) (4.10),
where
X'vo =N'wo/(N'yo+N 'SiOZ + Nysio, ), etc. (4.11)
The enthalpy is given by

AH = X si * AQ s (4.12)

The mole fraction of associate at equilibrium at any overall composition X is determined by

setting 0(G/0X i)y, o, =0 This results in an equilibrium constant:
K = Xusi /(X "yo X si0,) = eXP(—AQys; / RT) (4.13)

In the case of an ideal solution, the configurational entropy in Equation (4.10) does not reduce to

the ideal random mixing point approximation (Bragg-Williams model), because if Ag, =0 and

K =1, there is still a number of associate particles present.

The associate model is widely used in the MTDATA [32] software package, where, for instance,
the liquid in the CaO-SiO, system can be considered as an example, where “associate species”
involve CaSiO3; and Ca,SiO,4. The amounts of the associates vary with the composition of the
system and are determined mainly by their Gibbs energies but also in part by their non-ideal

interactions with CaO and SiO».

The main advantages of the associate model for the liquid include its conceptual simplicity, its

ability to represent the data in binary systems and characteristic shape of the enthalpy and entropy



34

functions. However, even though liquid associate species can be usually selected from the
congruent melting crystalline phases, they are fictive without considering the melt structure.
There is no absolute basis to decide whether an associate should be used or not, nor is there a

basis for choosing the formula to give to any associate.

As well as being physically unreasonable, the associate model has the disadvantage of failing to
adequately predict the positive deviations observed in ternary solutions from optimized binary

model parameters when the binary subsystems exhibit short-range ordering.

The significant drawbacks of the associate model can be overcome by employing the Modified
Quasichemical Model.

45.1.5 Modified Quasichemical Model

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. In other words, there is almost full first-nearest-neighbour short-range ordering (SRO)

between cations and anions. Furthermore, there is a strong tendency for second-nearest-neighbour

SRO of cations in melts. In particular, basic cations such as Mg form strong second-nearest-

neighbour (SNN) pairs with acidic cations such as Si. This is taken into account by the Modified
Quasichemical Model which is used in the present study for modeling the liquid oxide phase.
The Modified Quasichemical model was first introduced by Pelton and Blander in a series of
articles [26, 27]. In these articles, the classical Quasichemical model was modified to permit the
composition of maximum short-range ordering in a binary system to be freely chosen and to
extend the model to multicomponent systems. Several modifications to the model have been
introduced recently [7, 8, 38, 39]. To provide greater flexibility and ease of fitting, the energy of
pair formation has been expanded as a polynomial in the pair fraction rather than the component

fractions. Furthermore, the coordination numbers are permitted to vary with composition.

In the binary MO-SiO; liquid solution, the short-range ordering is taken into account by

considering the following SNN pair exchange reactions:

(M-M) + (Si-Si) = 2(M-Si); Ay (4.14),

where (M-Si) represents a second-nearest-neighbour pair and Ag,; is the Gibbs energy of the

corresponding pair exchange reaction. Let N, andNg be the moles of components M and Si,
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respectively, X,, and X be its mole fractions and Z,, and Zg — its second-nearest-neighbor
coordination numbers (Zg/Z,, is the valence ratio of Si and M cations). The “coordination-

equivalent” fractions (Y,, and Yj;) are then defined as

Y =Zy Xy (Zy Xy +Z5X) (4.15)
YSi = ZSiXSi /(ZM XM +ZSiXSi) (4.16)

“Coordination-equivalent” fractions may be equivalently presented through pair fractions X, ,

Xggiand Xy as

Yu = Xum + Xusi /2 (4.17)
Yo = Xggi + Xpysi /2 (4.18)

The Gibbs energy of the solution is expressed as
G = (Xuouo + Xsio, 9sio,) ~TAS™™ + (s, / 2)Ag s, (4.19),

where the configurational entropy is given by randomly distributing the pairs over imaginary pair
sites:
XMSi

2

4 X X

config __ MM SiSi
AS =—-R(Nyo IN X0 + Nsio, In XSioz)— Rl Nyw I35+ Ngig IN ="+ nyq In v
MO Sio, Mo !'sio,

J(4.20)

Since no exact expression is known for the entropy of this distribution in three dimensions,

Equation (4.20) is only an approximate equation. However, this is exact for a one-dimensional
lattice (Z=2). In case of ideal solution, Ad, =0 and M and Si should be randomly distributed

over the quasi lattice sites. Thus,

XMM :Yl\i ; XSiSi = Yszi; XMSi = 2YMYSi (4.21)

In this case, the configurational entropy correctly reduces to the random mixing point

approximation (Bragg-Williams model).
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The values of pair fractions at equilibrium at any overall composition XSiO2 are determined by

setting 0(G/0X i)y, n, =0 This results in an equilibrium constant for reaction (4.14):
K = XI\Z/ISi /(XMM XSiSi) = 4eXp(_AgMSi / RT) (422)

As AQ,,; becomes progressively more negative, equilibrium in reaction (4.14) is shifted to the
right, and the calculated enthalpy and configurational entropy of mixing show, respectively, the
negative V and m shapes characteristic of short-range ordering with minima at Y, =Y, =0.5, as

shown in Figure 4.2.
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Figure 4.2 : Molar enthalpy and entropy of mixing for a system A-B calculated at 1000 °C with

z,=2z,=2 from the Quasichemical model for short-range ordering with
Ag,z=constant=0,-21,-42, and -84 kJ

In order to describe the literature data in real oxide systems, AQ,s can be expanded as a
polynomial in the “coordination-equivalent” fractions of the components

AQys = AQysi + z aniYni/leg (4.23)

(i+])=1

or in pair fractions
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AQysi = Ag I?/ISi + Z glﬁ’g X li\/IM +Z g&jSi XSjiSi (4'24)’

i>1 =1

where AgS and ) are empirical binary coefficients which may be functions of temperature
and pressure. They are optimized to describe all available thermodynamic and phase equilibria

data in the binary systems.

The symmetric “Kohler-like” extrapolation [28] or the asymmetric “Toop-like” extrapolation
[28] of binary terms into the ternary system is used in order to calculate the Gibbs energy of the

ternary liquid, the latter if silica is present, with SiO; as the “asymmetric component”. Except for

the binary terms, the model can have ternary terms, ¢, ,,, which give the effect of the presence

of component p upon the energy of pair exchange reaction Ag,.. Ternary terms are also

expanded as empirical polynomials containing model parameters. The formulae for ternary terms
and for extrapolation of binary and ternary terms into a multicomponent system are discussed in

detail elsewhere [28].

4.6 Compound Energy Formalism (CEF)
The models for the olivine, spinel and pyroxene solutions were developed within the framework
of the Compound Energy Formalism (CEF) [9]. It is well suited to model solid solutions with two

or more distinct sublattices. The Gibbs energy expression per formula unit is

G, =22 V"G, ~ TS, + AG™ (4.25),
i

where YiMZ and YjMl represent the site fractions of the constituents i and j on the M2 and M1

sublattices, respectively, G,. is the Gibbs energy of an end-member ij of the solution in which

j
the M2 sublattice is occupied only by cation i and the M1 sublattice is occupied only by cation j,

S, Is the configurational entropy assuming random mixing on each sublattice

S, =—R(ny, > Y™ InYM 40, > Y M InY M) (4.26),
i i

where n,,, and n,,, are the number of sites on the corresponding sublattices, and AG* is the

excess Gibbs energy,
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AG ex _ Z Z ZYI MZYjMZYle Lij:k + Z Z ZYKM 2Yi MleMl Lk:ij (427)

ik i >k
where L, and L; are the interaction energies between cations i and j on the one sublattice

when the other sublattice is occupied by k. The dependence of the interaction energies on the

composition can be expressed by Redlich-Kister power series:

Lij:k = z mLij:k (YjM2 _Y'Mz)m (4'28)

I
m

Lk:ij = z mLk:ij (Yle _YiMl)m (4.29)

m

4.6.1 Spinel modeling

A general chemical formula of a simple 2-3 spinel is A2+B§+Oi‘, where A* = Mg, Mn, Fe, Co,

Ni, Cu, Zn and B*" = Al, Cr, V, Mn, Fe, Co [40]. A cation arrangement in the spinel structure is

particularly important when certain properties of spinel (e.g. magnetic) are considered. The
oxygen atoms form nearly face-centred, cubic close-packed arrays. Metal ions A** and B**
occupy one-eighth of the tetrahedral sites and one-half of the octahedral sites. These sites are
crystallographically distinct and are often referred as tetrahedral (T) and octahedral (O)
sublattices. Physical properties of any spinel are strongly dependent on the ordering of cations
over these sublattices. The arrangement of metal ions A?* and B*" has two extreme cases: in

“normal” spinel (A*")"[B*150%", all divalent cations occupy only the tetrahedral sublattice, and

in “inverse” spinel (B*)"[AZ;, Bi:]90%, divalent ions are placed only in the octahedral

positions, while trivalent ions are equally distributed between the octahedral and tetrahedral
sublattices.

Most spinels show distribution over the tetrahedral and octahedral sites, which is intermediate

between inverse and normal and can be described using an inversion parameter i. The

corresponding spinel formula is (A7, B¥)'[A%, B ,190%. A fully disordered spinel would

have i = 2/3. The inversion parameter for a certain spinel depends on the temperature and

pressure of equilibration as well as cationic radii, cationic charge and crystal-field effects.
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It is well known that the degree of inversion of a spinel is temperature-dependent. When the
temperature goes to 0 K, and kinetics permits, either fully inverse or normal spinel is expected.
When temperature is increased, the cation arrangement tends to random distribution (i = 2/3) due

to the increasing entropy contribution to the free energy.

The model for the spinel solution has been developed within the framework of the Compound
Energy Formalism (CEF):

(AP, Fe™, Fe*, Mg™, Ni*)T(AI*", Ca*™, Fe**, Fe*, Mg*, Ni**,Va), 0, (4.30)
The formation of neutral vacancies on the octahedral sublattice describes the non-stoichiometry
of the spinel towards excess oxygen.

The Gibbs energy expression and model parameters for a general spinel solution are explained in
detail by Decterov et al. [41].

The model parameters for the Al-Fe-Mg-Ni spinel solution are as follows. These model
parameters have physical meaning and are not to be confused with the formalism parameters,

end-member Gibbs energies, which often do not.

Fe-O spinel:
Frepes 2% Fe"2Fe;0, Z% [Fe*Fe;20, T (4.31)
Fe'2Fe™® G[Fe*3Fe;3o4]*1 + G[Fe+3Fe§204]'l -2G Fe'2Fe;’0, (4.32)
AFe*ZFe+3 = G[Fe+2Fe§204]'2 + G[Fe*3F<e;304]*1 o G[Fe*3Fegzo4]'1 a GFe+2Fe§3O4 (4.33)
V_..=G_.. 5 —EG a2 11 (4.34)
Fe [Fe™Va,0,1° 7 = [Fe™Fe}?0,]

AFe+3Fe*ZVa = G[Fe+2Fe§204]'2 + G[Fe+3Va204]'5 o G[Fe+3Fe’2'204]'1 o G[Fe+2Va204]'6 (4.35)

Mg-Fe spinel:
Mg*Fe*s Z% Mg*2Fe;®0, (4'36)
|Mg+2|=e+3 = G[l:e+3|:<e§3o4]+1 + G[|=e*3|\/|g;204]'l -2G Mg*2Fel?0, (4.37)
AFe+2Mg+2Fe+3 = G[Mg*zMngA]’z + GFe+2Fe§304 - G[Fe"zMg;ZOA]'Z a GMg”Fe;SO4 (4.38)



Alvlg*zl:e*zl:e+3 = G[Fe"zFe;ZOA et G Mg*?Feifo, G[Mg+2Fe§204]'2 -G Fe*2Fe;*0,
Mg-Al spinel:
1
FMg*ZAFB = 7 G Mg*2AI%0,
| Mg*2AI"? = G[AI+3A|;304]*1 + G[AI+3Mg§204]'1 -2G Mg*2A1%0,
AMg“AI” - G[Mg*ZMgzzou'Z + G[Al*sAI?OA]” B G[AI*SMgzzou'l -G Mg*2Al;*0,
AAI”Mg*ZVa - G[Mg*zwlgzzou'2 + G[AI*3Vazo4]'5 B G[Al+3M95204]'1 B G[Mg”VaZOJ6

Fe-Al spinel:

F 1G

FeR2Al*® — 7 Fe*2Alf%0,

I Fe'2AI" :G[Al*3A|;3o4 It +G[A|*3Fe;2041'l -2G Fe*2AI5%0,
AFe*zAl+3 - G[Fe*zFeEZOA]'Z + G[A|*3A|;3041+1 - G[A|*3Fe;2041'1 -G Fe2Al%0,
AFe+3AI+3 = G[Fe+3Fe§304]+1 + G[A|+3A|§304]+1 - G[AI+3Fe§304]+1 - G[Fe+3AI§304]+1
AFe*ZFe*SAl+3 = G[Fe*3Fe;304]*1 +G FeAl*0, G Fe'?Fel*0, G[Fe+3AI§3O4]+1
Al-Ni spinel:
1
I:Ni*zAl*3 = 7 Ni*2AI0,
I Ni*2Al* :G[A|*3A|;3041*1 + G[AI+3Ni§204]'1 —2G Ni*2AlL%0,
ANi*zAl+3 :G[Ni+2Ni§204]'z + G[A|*3A|;3o4]+l - G[AI*3Ni;204]‘1 -G NiT2AL0,
AA|*3Ni*ZVa =G[Ni*2|\|i;2041'2 + G[A|+3Va12041'5 - G[A|+3Ni;2041'1 - G[Ni*ZVaZO4]'5
Fe-Ni spinel:
1

Ni*2Fe*® — 7 Ni*2Fe}%0,

=G +G -2G
Ni*2Fe*® [Fe*®Fe®0,1™ [Fe**Ni320, Tt Ni*2Fe3®0,

,+G

Fe?Ni*2Fe™® —  [Ni™2Nij20,T Fe?Fei0, T [Fe™Ni0,T2  — Ni*2Fed'0,
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(4.39)

(4.40)

(4.41)
(4.42)

(4.43)

(4.44)

(4.45)
(4.46)
(4.47)

(4.48)

(4.49)

(4.50)
(4.51)

(4.52)

(4.53)

(4.54)

(4.55)
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-G +G G (4.56)

Ni*2Fe?*Fe*3 [Fe?*Fe}20, ]2 Ni*?Fef0, G[Ni+2Fe§204]'2 ~ P re'?redo,

In general, F parameters in Equations are 1/7 parts of the Gibbs energy of the corresponding
hypothetical normal spinels; | parameters describe the degree of inversion of these spinels; A
parameters take into account the thermodynamic properties of real simple spinels and
thermodynamics of mixing of these spinels. Vacancy parameters describe the formation of

vacancies.

Model parameters in Equations (4.31)-(4.35), (4.36)-(4.39) and (4.40)-(4.43) for the Fe3O,, Fe-
Mg and Mg-Al spinels, respectively, were optimized earlier [41-43]. Model parameters in
Equations (4.44)-(4.48), (4.49)-(4.52), (4.53)-(4.56) have been optimized in this study to fit
available thermodynamic and phase diagram data for the Al-Fe, Al-Ni, and Fe-Ni spinel
solutions, correspondingly. The meaning of these model parameters and the procedure of their
optimization are described in detail in Sections 8.2.2 and 8.4.1, 9.2.2 and 9.5.1, 10.2.2 and 10.4.1,

respectively.

In addition to the model parameters given above, an F, .. parameter defined as

F =EG°(7-A|203)—2—10RT(5|n5—6|n 6) (4.57)

Al T 5

was optimized in order to simultaneously take into consideration the thermodynamic properties
of y-Al,O3 available from the literature and the solubility of Al,O3 in several spinel solutions.
Also, where applicable, interaction energies introduced by Equation (4.27) were optimized.

The Gibbs energies of the end-members which take part in CEF equations can be derived from
the model parameters. The model parameters are used to calculate the fractions of end-members

using the Gibbs energy minimization procedure built into the FactSage software [1].

The phenomenological approach proposed by Hillert and Jarl [44] was used to describe the
magnetic contribution to thermodynamic functions. The formulae are given in [41].

To introduce Ca into spinel solution, one parameter was added:

A =G ,+G e e (4.58),

Fe*Ni*2ca*? [Ni*2Ni320,] [Fe**ca;?0,]? [Fe**Ni3?0,1? [Ni*?ca%"0,]?

which describes Ca solubility in Fe-Ni spinel solution.
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4.6.2 Olivine modeling

In natural olivines, M,SiO4, Mg is one of the major elements along with Fe, while Ni is a minor
component. Cations M occupy two distinct octahedral sites, called M1 and M2, where M2 sites
are larger than M1. Ca®*, Fe**, Mg®* and Ni** cations can occupy both M2 and M1 sites

(sublattices) in the olivine structure:
2+ 2+ 2+ 12+ M2 2+ 2+ 2+ 12+ Ml ..
(Ca™, Fe*", Mg, Ni** )" (Ca®, Fe*", Mg*", Ni*)" SiO, (4.59)
The Gibbs energy of the olivine solution is given by Equation (4.25) of the CEF. According to

formula unit (4.59), the Ca-Fe-Mg-Ni olivine solution has 16 end-members, the Gibbs energies of

which must be defined. Seven of these parameters (G, Gyimg+ Cwmigni - Guicar Gcaniv Greni»

Gyir.) Were optimized in the present study, the rest were accepted from the previous

optimizations [45-47].

The Gibbs energy of G,;,; was set equal to the Gibbs energy of the corresponding stoichiometric
compound Ni,SiO4, which is stable in the binary system and has the olivine structure. The end-
members, (Mgz*)MZ(NiZ*)MlSiO4 and (Niz*)Mz(Mg“)MlSiQ, do not exist as real compounds.
Two physically meaningful model parameters were introduced to define the Gibbs energies of
these end-members. The first parameter, Ky, =Gy, —Gugui. represents the change in the

Gibbs energy when the Mg”* and Ni®* cations occupying M2 and M1 sites, respectively, change
places. This parameter determines the cation distribution between M2 and M1 sites in olivine.

The second parameter is the Gibbs energy of the reciprocal reaction among end-members:
Avigni:nivtg = Cnagug T Cnini — Giigni — Ghivig - The parameters Ky and Ay nivg Were optimized
to reproduce all experimental data on olivine, including the cation distribution, thermodynamic

properties and phase equilibria. Clearly, G,,; and G, can be expressed as linear combinations
of Gygug » Gyini» Kugni @nd Ayoni:nivg - I @ similar way, end-member Gibbs energies, Gyire and
G,y Were optimized.

Gc.ni Was first estimated as half sum of the Gibbs energies of Ca,SiO4 and Ni,SiO, olivines, with

additional Gibbs energy parameter, which was optimized to describe some solubility data
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available from the literature. Another parameter, Kc,ni = Gnica —Geani» Was optimized to
describe cation distribution of Ca-Ni olivine.

In addition, in the case of Ca-Ni olivine, the excess Gibbs energy parameters were introduced to

take into account a big difference of cationic radii of Ca®* and Ni®*, r_.. =100pm and

612+

roae = 69 pm [48].

4.6.3 Pyroxene modeling
Like olivine, pyroxene has two distinct octahedral sublattices, M2 and M1, and tetrahedral sites

occupied by Si [49]. The formula unit of pyroxene can be written as
(Ca*, Fe*, Mg”, Ni*")"(AI*, Fe*, Fe*, Mg*, Ni* )" (AI*", Fe™, Si)"'Si"’0,  (4.60)

Only Ca-Mg-Ni pyroxenes were modeled in the present study, since no data were found in the

literature on the solubility of Ni in pyroxenes in the systems with Al and Fe.

4.6.3.1 Proto-pyroxene

The Gibbs energy of the proto-pyroxene solution is given by Equation (4.25). In this study, Ca-
Mg-Ni proto-pyroxene (Caz*, Mg?*, Niz*)Mz(Mgz*, Niz*)MlsiZO6 was optimized. For the Ca-
Mg-Ni proto-pyroxene, the Gibbs energies of six end-members must be defined. From the
previous optimization [50], Gy, is equal to the Gibbs energy of the proto-pyroxene
modification of the Mg,Si,Og stoichiometric compound, which is stable in the MgO-SiO; binary
system above about 984 °C. G,,, was previously optimized by Jung et al. [45] for the Ca-Mg
proto-pyroxene solution. Similar to CaMgSi,Os end-member, G, was set equal to the Gibbs

energy of the stoichiometric clino-CaNiSi,Og, with the enthalpy of transition of clino- to proto-
CaNiSi,Og equal to that of CaMgSi,Oe.

The thermodynamic properties of the end-member (Ni)(Ni)Si.Og were evaluated as
Gyni = G(Ni,SIO,, olivine) + G(SiO,, tridymite) + A+ B - T (4.61)

where an additional enthalpy term A and a small entropy term B are the optimized model

parameters.
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Similar to olivine, two more model parameters were introduced to define the Gibbs energies of

the other two end-members. The parameter Ky =Gy —Gug affects mainly the cation

distribution between M2 and M1 sites in proto-pyroxene and the second parameter is the Gibbs

energy of the reciprocal reaction among end-members:
Acani:nivg = GCaMg +Gini — Geani —GNng =0. Finally, one excess Gibbs energy parameter equal to

that for the Ca-Mg proto-pyroxene solution [45] was introduced due to the big difference of

cationic radii of Ca’* and Ni?*, as mentioned above (Section 4.6.2).
4.6.3.2 Clino-pyroxene

H H H : 2+ 2+ P2+ M2 2+ S22+ ML ..
In this study, Ca-Mg-Ni clino-pyroxene solution (Ca®, Mg*", Ni*")™ (Mg, Ni*")" Si,0, was

optimized. For clino-pyroxene, two of six end-member Gibbs energies, G, and G, , were
previously optimized by Jung et al. [45] for the Ca-Mg clino-pyroxene solution. The rest were
optimized in this study.

G, 1S the Gibbs energy of the stoichiometric clino-CaNiSi>Os. To define the Gibbs energies of
the other three end-members, similar to olivine solution, the linear combinations of the
parameters, Kyoni: Acaninivg: @Nd  Acaivgwg. Were introduced as model parameters. The
parameter Ky, =Gy —CGugni affects mainly the cation distribution between M2 and M1 sites

in the Mg-Ni clino-pyroxene, while the other two parameters are the Gibbs energies of the

reciprocal reactions among end-members.

Finally, two excess Gibbs energy parameters equal to those for the Ca-Mg clino-pyroxene
solution [45] were introduced due to the big difference of cationic radii of Ca** and Ni**, as

mentioned above (Section 4.6.2).

4.6.4 Monoxide and corundum solutions

The Gibbs energy of monoxide and corundum solutions were represented by the polynomial
model, in most cases with the “Kohler-like” extension of binary and ternary terms into
multicomponent systems [28]:

G, =D XG’+RTD_X;In X, + AG* (4.62),
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where

o X, V[ X ) m ,

" Xi+ X

In these expressions, X;and G/ are the mole fraction and the Gibbs energy of the component i;

L{;‘” are interaction parameters, which can be temperature dependent; and the powers m and n are

>0.

4.6.5 Other solutions and stoichiometric compounds

Metallic solutions and the majority of stoichiometric compounds were optimized previously
within the scope of the FSstel and FToxide databases of FactSage software [1]. NiO (solid and
liquid) was optimized by Prostakova et al. [51].
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CHAPTER 5 ARTICLE 1: EXPERIMENTAL STUDY AND
THERMODYNAMIC OPTIMIZATION OF THE CaO-NiO, MgO-NiO
AND NiO-SiO, SYSTEMS

Equation Chapter (Next) Section 1Viktoria Prostakova, Jiang Chen, Evgueni Jak, Sergei A.
Decterov, Calphad (2012) 1-10.

Abstract

A combination of thermodynamic modeling and experimental studies is used to characterize NiO-
containing oxide systems at high temperature of interest to nickel pyrometallurgical processes. It is
part of an on-going research project to develop a self-consistent multi-component thermodynamic
database. A literature review and critical assessment of the previously published thermodynamic and
phase equilibria data on the NiO-containing binary systems CaO-NiO, MgO-NiO and NiO-SiO; at
a total pressure of 1 atm have been performed using thermodynamic modeling. Considerable
discrepancies among previously available experimental data have been found for the CaO-NiO and
MgO-NiO systems. To resolve the contradictions in the literature data, a new experimental
investigation has been carried out using an equilibration and quenching technique followed by
electron probe X-ray microanalysis (EPMA) by our colleagues from PyroSearch, Australia. The
CaO-NiO phase diagram in air has been measured from 1200 to 1600 °C. The equilibrium between
the MgO-NiO solid solution, metal alloy and gas phase has been studied over the temperature range
from 1000 to 1300 °C, which enabled the activity of NiO to be calculated. The whole set of
experimental data, including the new experimental results and previously published data, has been
taken into consideration in thermodynamic modeling of oxide phases in the CaO-NiO, MgO-NiO
and NiO-SiO, systems at a total pressure of 1 atm. The Modified Quasichemical Model has been
used for modeling of the liquid phase. A simple random mixing model with a polynomial expansion
of the excess Gibbs energy has been used for the monoxide solid solution. The optimized model
parameters reproduce all available thermodynamic and phase diagram data within experimental

error limits.

Keywords: Thermodynamic modeling; Phase diagram; Nickel extraction; Phase equilibrium

measurements.
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5.1 Introduction

The present study reports results of a research program that naturally combines an experimental
investigation and thermodynamic modeling of the CaO-NiO, MgO-NiO and NiO-SiO, systems. It
is part of an on-going research project to develop a self-consistent multi-component thermodynamic

database for nickel extraction from laterite ores.

Laterite ores are an increasingly important source of nickel in view of the continual depletion of
overall reserves of high grade nickel sulphide ores [52]. In general, laterite ores are processed using
either pyrometallurgical or hydrometallurgical techniques [15]. The Caron process [53] involves the
reduction of the ore into metallic form followed by roasting and leaching with an ammonia-

ammonium carbonate solution [12].

Rhamdhani et al. [5, 6] reported that the factors affecting the nickel recovery in the Caron process
are quite complex. The chemical and physical characteristics of the ore were found to be important
for overall nickel recovery. It was demonstrated that thermodynamic factors also play a significant

role and should be thoroughly studied with a view to increasing nickel recovery from the ore.

Most of the chemical processes occurring at the reduction stage of the Caron process may be
considered within the scope of the Al-Ca—Cr-Fe—-Mg-Ni—O-Si chemical system. A thermodynamic
database which correctly describes phase equilibria in this chemical system is required for
optimizing the process metallurgy. An initial stage of the development of this database is reported in

the present study.

The database development is done by thermodynamic modeling which is combined with the
experimental study of phase equilibria. Initially, parameters of thermodynamic models are optimized
to fit the experimental data collected from the literature. When there is not enough data to constrain the
model parameters, or significant discrepancies in the available data are revealed, experimental
measurements are initiated for temperatures and compositions which are most useful for

thermodynamic modeling by our colleagues from PyroSearch, Australia.

The experimental procedure involves equilibration and ultra rapid quenching followed by
measurements of compositions of phases using electron probe X-ray microanalysis (EPMA) of
quenched samples. Since the analysis takes place after equilibration, the changes in composition during
equilibration do not affect the accuracy of the results. Tie-lines between equilibrated phases are

measured directly, providing essential data for subsequent thermodynamic modeling.
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A critical assessment of the previously published thermodynamic and phase equilibrium data for the
CaO-NiO and MgO-NiO systems revealed substantial discrepancies between various sources. The
monoxide solid solution exists in these binary systems. NiO and CaO have limited solubilities in
each other forming a miscibility gap, whereas NiO and MgO are completely miscible at all studied
temperatures. The experimental information on the CaO-NiO solid solution is limited and the data
on the solubility limits and activities of the components are contradictory. Even though the MgO-
NiO system has been studied by many authors, the reported activities and heats of mixing are widely
scattered. To resolve the contradictions in the literature, an experimental investigation of the CaO-—
NiO and MgO-NiO systems was undertaken in the present study. The obtained experimental data
along with the previously published experimental results were used in a thermodynamic
“optimization” of the CaO-NiO, MgO-NiO and NiO-SiO, systems.

In a thermodynamic “optimization” of a system, all available thermodynamic and phase diagram
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. In the present study, all

calculations were carried out using the FactSage thermochemical software and databases [1].

5.2 Experimental technique and procedure

Experimental procedures for phase equilibrium measurements have been developed by the
Pyrometallurgy Research Centre at the University of Queensland [19, 20, 54]. The technique
involves high temperature equilibration of a synthetic oxide sample in a controlled gas atmosphere.
The sample is then rapidly quenched so that the phase assemblage present at high temperature
remains unaltered. The quenched sample is mounted in epoxy resin, polished for metallographic
examination and microanalysis, and the compositions of the crystalline solid phases are measured by
electron probe X-ray microanalysis (EPMA) with wavelength dispersive detectors (WDD).
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All equilibration experiments were conducted in a vertical reaction tube (impervious re-crystalized
alumina, 30-mm i.d.) in electrical resistance silicon carbide (SiC) heated furnace. The furnace
temperature was controlled within = 1 °C by an alumina shielded Pt—Pt/13%Rh thermocouple placed
immediately adjacent to the sample. The thermocouple was periodically calibrated against a
standard thermocouple (supplied by National Measurement Institute of West Lindfield, NSW,
Australia). The overall temperature accuracy was estimated to be within + 5 °C. A flowing mixed
gas stream with an accurately controlled CO/CO, ratio was used to maintain a designated oxygen

potential within the reaction tube.

The starting mixtures were made from CaO (99.98 wt% purity), NiO (99.99 wt% purity), MgO
(99.99 wt% purity) and Ni (99.8 wt% purity) supplied by Sigma-Aldrich Co. The powders for each
sample were weighed, mixed with an agate mortar and pestle, and then pelletized. The pellets (0.2 g)
were placed inside open platinum crucibles. All crucibles were suspended by platinum wire within

the reaction tube in the furnace.

The oxygen partial pressure inside the vertical tube furnace was controlled by flowing mixtures of
high purity CO (99.95%, Coregas, Australia) and CO; (99.995%, Coregas, Australia) in proportions
calculated for a given temperature using the FactSage thermochemical software and databases [1].
The volumetric gas flow rates were controlled using pre-calibrated differential pressure manometers
with precision necessary to ensure the required accuracy of the oxygen partial pressure. The total
volumetric gas flow rates used in the study were around 300 ml/min. The oxygen partial pressures,
P(O,), inside the furnace were verified with a DS-type oxygen probe supplied by Australian Oxygen
Fabricators (AOF, Melbourne, VIC, Australia). At the experimental conditions, the accuracy was *
0.1 in the log10P(O>) scale.

Special efforts were made to ensure that equilibrium is reached. In initial experiments, equilibration
was carried out for different periods of time. The attainment of equilibrium in these samples was
verified by repeating selected experiments at extended equilibration times, i.e. twice the
equilibration time. If possible, equilibrium was approached from different directions, i.e. from
oxygen-rich and metal-rich starting compositions. The attainment of equilibrium was also tested by
checking the compositional homogeneity of phases in all samples using EPMA.

The compositions of various phases within a sample were measured by EPMA JEOL JXA 8200L
(trademark of Japan Electron Optics Ltd., Tokyo). An acceleration voltage of 15 kV and a probe
current of 15 nA were used. The Duncumb-Philibert ZAF correction procedure supplied with the
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JEOL JXA 8200L probe was applied. The standards (Charles M. Taylor, Stanford, CA) used in the
EPMA measurements were as follows: wollastonite (CaSiOs3) for Ca, magnesite (MgO) for Mg, Ni
olivine (Ni,SiO4) for Ni in the oxide phases, and Ni metal for Ni in the alloy phase. The

compositions were measured with an accuracy of 1 wt. %.

5.3 Experimental results

The experiments in the MgO-NiO system were conducted between 1000 and 1300 °C over the
range of oxygen partial pressures from 10™*° to 107 atm. As can be seen from an isothermal
section of the Mg—-Ni-O phase diagram shown in Figure 5.1, the monoxide solid solution of various
compositions is in equilibrium with the alloy of the composition close to pure solid Ni at these
temperatures. The aim of this series of experiments was to determine the composition of the

(Mg,Ni)O monoxide solid solution in equilibrium with metallic Ni at fixed oxygen partial pressures.

Mg 09 08 07 06 05 04 03 02 O Ni
mole fraction

Figure 5.1: Calculated isothermal section of the Mg—Ni—O phase diagram at 1200 °C

The experiments in the CaO-NiO system were conducted between 1200 and 1600 °C in air, P(Oy) =
0.21 atm, to obtain the solubility of CaO in bunsenite (NiO) and NiO in lime (CaO), i.e. the

miscibility gap in the monoxide solid solution was measured.

Examples of typical microstructures of these samples after equilibration are shown in Figure 5.2.
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Figure 5.2: Typical backscattered SEM micrographs of the equilibrated phases in the MgO-NiO (1)
and CaO-NiO (I1) systems. (I) Ni metal (M) and (Mg, Ni)O monoxide (O) at 1300 °C and P(O,) =
10% atm; (1) (Ni, Ca)O bunsenite (B) and (Ca, Ni)O lime (L) at 1600 °C in air

As can be seen from Figure 5.2(1), the solid metallic Ni phase and the monoxide phase, (Mg,Ni)O,
form a dense microstructure. The fact that they are in good contact with each other is indicative of
attained equilibrium which is also confirmed by uniform compositions measured by EPMA. Even
though some porosity is observed in the microstructure of the CaO-NiO sample shown in Figure
5.2(I1), the equilibrated oxide phases are interconnected and homogeneously distributed throughout
the sample suggesting that equilibrium is reached. The composition of each phase was measured by
EPMA in multiple locations across the sample and found to be uniform. No solubility of Mg in solid
Ni was detected within the accuracy of EPMA microanalysis.

Particular attention was paid to attainment of equilibrium that was continuously re-confirmed by i)
different equilibration times, ii) uniformity of phase compositions across the sample, iii)
approaching equilibrium from opposite directions and iv) considering possible reactions taking place
in the sample during equilibration.

The compositions of the monoxide solid solution measured by EPMA are given in Tables 1 and 2.
Each reported composition represents an average of six measurements in different areas across the
sample. Samples 4, 8, 12 and 16 in Table 5.1 demonstrate the accuracy of the composition
measurements by EPMA and the fact that equilibrium was attained. Each pair of these samples, (a)
and (b), corresponds to the same tie-line Ni + monoxide at the given T and P(O), but equilibrium
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was approached either from the oxygen-rich side, starting from the mixture of NiO and MgO for

samples (a), or from the metal-rich side, starting from Ni and MgO for samples (b).

The oxygen partial pressures over the (Mg,Ni)O solid solution in equilibrium with solid Ni are also
plotted in Figure 5.3 as a function of monoxide composition. The lines in this figure are calculated

using the model parameters optimized in the present study.

Table 5.1: Compositions of the monoxide solid solution (Mg,Ni)O in equilibrium with solid Ni
measured at fixed temperatures and oxygen partial pressures

Sample Mol% NiO
N Temperature, °C l0g10[P(O2), atm] i monoxide
1 1300 -10 3.7
2 1300 -9.5 5.5
3 1300 -9 8.7
4(a) 1300 .75 436
4(b) 1300 .75 443
5} 1200 -11 4.2
6 1200 -10.5 6.4
7 1200 -10 10.3
8(a) 1200 -8.5 46.8
8(b) 1200 -8.5 45.9
9 1100 -12 5.6
10 1100 -11.5 8.7
11 1100 -11 14.2
12(a) 1100 9.5 56.4
12(b) 1100 -9.5 54.9
13 1000 -13.5 6.2
14 1000 -13.0 9.7
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Table 5.1 (Continued): Compositions of the monoxide solid solution (Mg,Ni)O in equilibrium with

solid Ni measured at fixed temperatures and oxygen partial pressures

15 1000 1125 14.2
16(a) 1000 -11.0 53.0
16(b) 1000 -11.0 52.2

‘logm IIP(Oz)g atm]

1
0 0.2

04 0.6
Molar ratio NiQ/(NiO+MgO)

1
0.8

Figure 5.3: Equilibrium oxygen pressure over tie-lines between the monoxide (Mg,Ni)O solid

solution and solid Ni as a function of mole fraction of NiO in monoxide. Points indicate the

experimental data obtained in the present study. Solid and dashed lines are calculated from the

model parameters optimized in the present study and by Woo et al. [55], respectively

Table 5.2: Measured miscibility gap in the (Ca,Ni)O monoxide solid solution in air

Temperature Lime (CaO-rich side) Bunsenite (NiO-rich side)
°C Mol% NiO Mol% NiO
1600 9.3 85.2
1400 5.5 90.7
1200 2.1 96.5
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5.4 Phases and thermodynamic models

There are no intermediate compounds in the CaO-NiO and MgO-NiO systems. The only
intermediate compound found in the NiO-SiO, system is Ni,SiO, with olivine structure. It is
modeled as a stoichiometric compound.
Two solution phases are present in the CaO-NiO, MgO-NiO and NiO-SiO; binary systems:

e Liquid oxide: CaO-MgO-NiO-SiO,,

e Monoxide: CaO-MgO-NiO.
The optimized binary model parameters for solutions as well as optimized Gibbs energies of

stoichiometric compounds are listed in Table 3.

5.4.1 Liquid oxide

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. Furthermore, there is a strong tendency for short-range ordering (SRO) of second-nearest-
neighbour cations in ionic melts. In particular, basic cations such as Ca form strong second-nearest-
neighbour pairs with acidic cations such as Si. This is taken into account by the Modified
Quasichemical Model [7, 8] which is used in the present study for modeling the liquid oxide phase.
In the binary CaO-NiO, MgO-NiO and NiO-SiO, liquid solutions, the short-range ordering is taken
into account by considering the following second-nearest-neighbour pair exchange reactions,

respectively:

(Ca-Ca) +(Ni-Ni) = 2(Ca-Ni); Adc, i (5.1)
(Mg-Mg) + (Ni-Ni) = 2(Mg-Ni); Ay i (5.2)
(Ni-Ni) + (Si-Si) = 2(Ni-Si);  AQy g (5.3)

where (m-n) represents a second-nearest-neighbour pair and Ag,, is the Gibbs energy of the

corresponding pair exchange reaction. Let np, and Z,, be the number of moles and the coordination
number of component m, respectively. The “coordination-equivalent” fractions (Yr) are then defined

as
Yo=2Z,0, /> Zin, (5.4)

Ag,,, 1S expanded as a polynomial in the “coordination-equivalent” fractions of the components
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Ay, =Agp,+ D, an YY) (5.5)

(i+))21

where Ag’. and q are empirical binary coefficients which may be functions of temperature and

pressure. These binary coefficients are optimized to reproduce all available experimental data.

5.4.2 Monoxide

The monoxide solid solution exists in the CaO-NiO and MgO-NiO binary systems. CaO and NiO
have limited solubilities in each other whereas MgO and NiO are completely miscible. The
monoxide solid solution in both systems is modeled as a simple random mixture of Ca**, Mg®* and
Ni?* ions on cation sites. The Gibbs energy per formula unit of a binary solution is

G =(GX,+GX,)+RT (X, In X, + X, In X,)+G (5.6)
where G and G, are the Gibbs energies of pure components 1 and 2, X, and X, are the mole

fractions. GlE2 is the excess Gibbs energy which is expanded as a polynomial in the mole fractions of

the components:

GlEz = Zqijleixzj (5.7)

ij>1

where ¢, are the model parameters.

5.5 Critical evaluation of experimental data and optimization

The MgO-NiO and NiO-SiO, systems were previously optimized by Woo et al. [55]. These
systems were reoptimized in the present study taking into account the new experimental data shown
in Table 1 and using the revised thermodynamic properties of pure solid and liquid NiO which

describe better available experimental data as discussed below.
The thermodynamic properties of stoichiometric oxides CaO, MgO and SiO, were taken from the
FactSage database [1].

5.5.1 Solid and liquid NiO

A thermodynamic assessment of the Ni-O system was reported by Taylor and Dinsdale [56]. They
accepted the thermodynamic properties of pure NiO assessed by J. Haas (quoted by Taylor and
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Dinsdale as a private communication). These properties were later used in the optimizations of Woo

et al. [55] who also used the heat capacity of liquid NiO estimated by Barin [57].

The thermodynamic properties of solid and liquid NiO were reviewed, analyzed, and optimized by
Gurvich et al. [58, 59]. The following properties of NiO selected by Gurvich et al. were accepted in

the present study without modification: entropy at 298.15 K (S,,5), enthalpy of formation at

298.15 K (AH g5 ), magnetic properties, melting temperature and heat capacity of liquid NiO.

The high-temperature heat capacity of solid NiO was optimized in the present study. Solid NiO
exhibits a transition from the antiferromagnetic to paramagnetic state at Neel temperature, which
causes a peak in its heat capacity function. The heat content of NiO was measured by Tomlinson et
al. [60] (ice calorimeter, 0-835 °C) and King and Christensen [61] (drop calorimetry, 25-1537 °C).
Their data are in agreement within 1%. Kapustinskii and Novosel'tsev [62] also measured the heat
content (drop calorimetry, 100-1122 °C), but reported only the average heat capacity derived from
these data. Their heat capacities are much higher than the ones consistent with the data of Tomlinson
et al. [60] and King and Christensen [61]. Therefore, the results of Kapustinskii and Novosel'tsev

[62] were not taken into account in the present optimization.

The heat capacity around the magnetic transition temperature was measured by Zhuze et al. [63]
(impulse technique, 142-249 °C), Lewis and Saunders [64] (differential scanning calorimetry, 47-
367 °C) and Massot et al. [65] (photopyroelectric calorimeter, 207-287 °C). All these data have been
fitted simultaneously in the present study and joined smoothly with the low-temperature heat
capacity measurements [66, 67]. The optimized parameters of the heat capacity function are given in
Table 5.3. The experimental heat capacity and heat content data are compared with the optimized

curves in Figure 5.4 and Figure 5.5.
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Figure 5.5: Heat capacity of NiO: experimental points [62-67] and solid lines optimized in the
present study. The dashed lines were used in the optimization of Woo et al. [55]
There are no experimental data in the literature for the enthalpy of melting (AH,,,) of NiO. The

selected value AH ., =58.25 kl/mol was estimated in the present study from a linear correlation

between the enthalpies of melting and melting temperatures of halogenides and oxides with the rock
salt structure. This value is also consistent with the limiting slopes of the liquidus and solidus curves
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at the melting point of pure NiO in the binary system MgO-NiO reported by Wartenberg and
Prophet [68] (see Figure 5.9 in Section 5.3). In their assessment, Woo et al. [55] used the value

=50.66 kJ/mol.

melt

5.5.2 CaO-NiO system

The CaO-NiO phase diagram is shown in Figure 5.6. Pure CaO and NiO have the same rock-salt

structure. Since the effective ionic radii of Ca®" and Ni*" are substantially different (1_,. =100 pm

and I .. =69 pm in octahedral coordination [48]), there is a large miscibility gap in the monoxide

solid solution formed by these components.
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Figure 5.6: CaO-NiO phase diagram: experimental points [69-72] and calculated lines

The CaO-NiO phase diagram was studied by Tikkanen [69] (cited from Levin et al. [73], Fig. 230).
He reported the diagram with a simple eutectic at 1720 °C and the CaO mole fraction X(CaO) =
0.42. Smith et al. [70] found the eutectic to be at the same composition and 1695 °C based on
metallographic examination. Smith et al. also studied the solid solubility limits in the monoxide
solution from 1100 °C to 1700 °C by quenching and X-ray diffraction and reported a wider

miscibility gap than measured by Tikkanen, especially on the CaO-rich side.
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To resolve this contradiction, the solid solubility limits have been measured in the present study
over the temperature range from 1200 to 1600 °C by equilibration and quenching followed by
EPMA analysis. The experimental results are given in Table 5.2 and shown in Figure 5.6.

The activities of components in the monoxide solid solution were obtained by EMF measurements
[71, 72]. Raghavan [71] studied the activity of CaO at 1040 °C using a cell with CaF, solid
electrolyte and found strong positive deviations from ideality. His data are shown in Figure 5.7.
From the kinks in the activity curves he estimated the solid solubilities which are in good agreement
with the results of Tikkanen [69] and Smith et al. [70].

Rog et al. [72] measured the activities of both CaO and NiO in the monoxide solid solution over the
temperature range from 850 to 1040 °C, using Ca-B"-alumina electrolyte and Ni(ll)- B"-alumina
electrolyte, respectively. These data are shown in Figure 5.7-Figure 5.8. As can be seen from Figure
5.7, their activities of CaO are in disagreement with the results of Raghavan [71]. The solid
solubilities estimated by Rog et al. [72] from the kinks in their activity curves are also inconsistent
with the phase diagram data (see Figure 5.6), suggesting much larger solubility limits. Therefore, the

results of Rog et al. [72] were deemed unreliable in the present optimization.

No experimental data on thermodynamic properties such as enthalpies of mixing, activities or others

were found in the literature for the liquid phase in the CaO-NiO system.

The model parameters of the monoxide solid solution were optimized to reproduce simultaneously
the solid solubility limits and the activity data of Raghavan [71]. Subsequently, the thermodynamic
properties of the liquid phase were optimized to reproduce the eutectic point of Smith et al. [70].
Two parameters were introduced to fit both the temperature and the composition of the eutectic. The
optimized model parameters are given in Table 5.3 and the calculated phase diagram and activities
are shown in Figure 5.6-Figure 5.8. The agreement with the experimental data is believed to be

within the experimental error limits.
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5.5.3 MgO-NiO system

The phase diagram of the MgO-NiO system is shown in Figure 5.9. Holgersson and Karlsson [74]
reported that MgO and NiO are completely miscible in each other forming a continuous range of
solid solutions. The only experimental study of the solidus and liquidus in this system was done by
Wartenberg and Prophet [68].
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Figure 5.9: NiO-MgO phase diagram: experimental points [68] and calculated lines

Nuessler and Kubaschewski [75] measured the enthalpy of mixing of the monoxide solid solution
using an adiabatic high-temperature calorimeter. They found the solution to be very close to ideal
from 700 to 1300 °C. By contrast, Davies and Navrotsky [76] reported a negative asymmetric
enthalpy of mixing at 713 °C based on oxide melt solution calorimetry. They interpreted the
negative enthalpy of mixing in terms of a tendency towards ordering. The experimental data are

shown in Figure 5.10.

The activity of NiO in the monoxide (Mg,Ni)O solid solution was studied by a gas-equilibration
[77-79] and an EMF technique [80-87]. As can be seen from Figure 5.11, the results of these
measurements are widely scattered. Hahn and Muan [77] performed gas equilibration measurements
of the activity of NiO in the (Mg,Ni)O solid solution in the temperature interval 1100-1300 °C using
CO,/H, gas mixtures and reported ideal behaviour. In subsequent gas equilibration studies, Evans
and Muan [78] observed small negative deviations from ideality at 1400 °C using CO,/CO gas
mixtures. Ariya et al. [79] reported fairly negative deviations from ideality at 900 and 1000 °C
based on equilibration with H,O/H, gas mixtures.

In all EMF studies [80-87], calcia-stabilized or yttria-stabilized zirconia was used as the solid
electrolyte. Petot et al. [81] reported that the monoxide solid solution behaved almost ideally in the
temperature range from 840 to 1200 °C. Paulsson [82] observed very small positive deviations from
ideality from 727 to 1177 °C. Jakobsson et al. [85] and Kreidler and Park [86] also reported nearly
ideal behaviour from 800 to 1200 °C and from 882 to 982 °C, respectively. The results of
Seetharaman and Abraham [80] showed significantly positive deviations from ideality in the

temperature range from 927 to 1077 °C, whereas Shirane et al. [83] and Kale [84] reported
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considerable negative deviations from 800 °C to 1000 °C and at 1027 °C, respectively. Contrary to
other authors, Shirane et al. [83] found a large temperature dependence of the activity of NiO. The
most recent EMF study by Mukhopadhyay and Jacob [87] indicates that the (Mg,Ni)O solid solution

exhibits slightly negative deviations from ideality, with a small temperature dependence.

In view of the discrepancies in the literature data, the activities of NiO in the monoxide solid
solution were measured in the present study from 1000 to 1300 °C by equilibration and quenching
followed by EPMA microanalysis. The activities of NiO shown in Figure 5.11 were derived from
the experimental results given in Table 5.1. These data are believed to have lower uncertainties
because special efforts were made to ensure equilibration and the composition of the monoxide solid
solution in equilibrium with solid Ni was accurately measured by EPMA. The obtained activities
show small negative deviations from ideality with a small temperature dependence. This is in
excellent agreement with the most recent experiments of Jacob et al. [87] and in general agreement
with the majority of activity measurements showing near ideal behaviour [75, 77, 81, 82, 85, 86] or
small negative deviations from ideality [78, 87]. It should be noted that the large positive or large

negative deviations from ideality reported in several studies [79, 80, 83, 84] are unlikely since the

effective ionic radii of Mg2+ and Ni?* are close (ngb =72pmand I, =69 pm in octahedral
coordination [48]).

Three model parameters were optimized for the monoxide solid solution (Mg,Ni)O to fit both the
enthalpy and the activity data. Preference was given to the activity data obtained in the present
study. A small excess entropy term was needed to reproduce the small temperature dependence of
the activities. The optimized model parameters are given in Table 5.3. The optimized enthalpy of
mixing and activity of NiO for the monoxide solid solution are shown in Figure 5.10-Figure 5.11,
respectively. The agreement with the experimental data is believed to be within the experimental
error limits. The activities measured in the present study are in good agreement with the enthalpies
of mixing reported by Davies and Navrotsky [76] since both sets of data show small negative

deviations from ideality.
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Figure 5.10: Enthalpy of mixing for the monoxide solid solution: experimental points [75, 76] and

calculated lines. Error bars for the experimental points of Davies and Navrotsky [76] correspond to

one standard deviation. The dash-dot line indicates the assessment of Woo et al. [55]
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parameters

No experimental data on thermodynamic properties of the liquid phase in the MgO-NiO system
were found in the literature. A good description of the experimental phase diagram [68] shown in
Figure 5.9 was obtained assuming the liquid phase to be ideal and using the optimized model

parameters for the monoxide solution. Woo et al. [55] had to introduce one model parameter for the

liquid phase, Agy,,; =-8368 J/mol, to fit the phase diagram shown in Figure 5.9.

5.5.4 NiO-SiO, system

The NiO-SiO, phase diagram is shown in Figure 5.12. The only intermediate compound in this
system is Ni,SiO4, which has the olivine structure. The phase diagram was studied by equilibration
followed by quenching and phase identification by optical microscopy and X-ray diffraction [88-
94].
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Greig [88] found liquid immiscibility in the silica-rich region of the NiO-SiO, system slightly above
1700 °C. The compositions of both liquids at the monotectic temperature of 1700 °C were reported
by Babayan [91] who also specified the temperature and composition of the critical point. The actual
compositions of the studied samples and equilibration temperatures are not given in this article and

the reported monotectic temperature is about 25 °C higher than measured by Phillips et al. [90].

Ringwood [89] observed incongruent melting of Ni,SiO4 to liquid and NiO at 1625 + 20 °C. A
relatively inaccurate method of temperature determination by optical pyrometer was used.
Ringwood’s observation was later refined by Phillips et al. [90] who performed a more systematic
study of the NiO-SiO, phase diagram. He detected that Ni,SiO, decomposed to NiO and SiO,
(cristobalite) at 1545 + 5 °C and that NiO and SiO, coexisted up to 1650 + 10 °C. Above this
temperature, NiO in equilibrium with liquid became stable at the Ni,SiO4 composition. The
decomposition of Ni,SiO4 to NiO and SiO, was confirmed by O’Neill [92] and Grutzeck and Muan
[93, 94] who reported the decomposition temperature of 1547 + 5 °C.
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Figure 5.12: NiO-SiO, phase diagram: experimental points [88-94] and calculated lines

The thermodynamic properties of Ni,SiO4 have been studied repeatedly. Watanabe [95] determined
the heat capacity of Ni,SiO4 Iin the temperature range of 77 to 427 °C by differential scanning
calorimetry (DSC). Shortly after that, Robie et al. [96] studied both the low-temperature heat
capacity by adiabatic calorimetry and the high-temperature heat capacity from 87 to 727 °C by DSC.
The results of Watanabe are systematically 3-4% higher than the heat capacities of Robie et al. [96].
Hirschmann [97] refitted the heat capacity data of Robie et al. [96] to obtain a better extrapolation to



66
high temperatures. His function is reasonably close to the sum of heat capacities of pure solid oxides

at all temperatures, with maximum deviations of about 5%.

The heat capacity data for Ni,SiO4 can be compared with the measurements of heat content by drop
calorimetry [98, 99]. Navrotsky [98] reported the value H(713 °C) — H(24 °C) = 107.6 £ 1.8 kJ/mol
in good agreement with 110.6 kJ/mol calculated from the heat capacities of Robie et al. [96].
Sugawara and Akaogi [99] measured the heat content H(1500 °C) — H(25 °C) both in air and in
argon. The value obtained in air, 271.8 £ 11.3 kJ/mol, is substantially lower than the one obtained in
Ar, 308.8 + 22.3 kJ/mol, indicating some chemical reactions taking place in the samples. Sugawara
and Akaogi [99] mentioned that Ni absorption into Pt capsules could have taken place during their
experiments. Even the lower value in air is 6% higher than the heat content calculated from the heat
capacity function of Hirschmann [97].

In the present study, the heat capacity function of Hirschmann [97] which is based on the data of

Robie et al. [96] was accepted without modification along with the value of the standard entropy,

Sye1s, calculated by Robie et al. [96] from their low-temperature heat capacities. The standard

enthalpy of formation of Ni,SiO4, AH g5, Was obtained from the temperature of decomposition of

Ni,SiO4 into NiO and SiO; reported in the phase diagram studies [90, 92-94]. The selected
thermodynamic properties of Ni,SiO,4 are given in Table 5.3. The enthalpies and Gibbs energies of
Ni,SiO4 were then calculated at various temperatures and compared with the following three sets of
experimental data.

Navrotsky [100] measured the enthalpy of formation of Ni,SiO, from the component oxides NiO
and SiO; (quartz), using solution calorimetry in a molten oxide solvent (2PbO-B,03). She reported
the enthalpy of formation at 692°C to be -13.9 + 1.9 kJ/mol (the error is one standard deviation),
which is in good agreement with the value of -14.2 kJ/mol calculated from the selected
thermodynamic functions of Ni,SiO,.

The Gibbs energy of the reaction 2NiO(s) + SiO(S) = NiySiO4(s) was obtained by EMF
measurements on galvanic cells with different solid electrolytes: zirconia, doped with CaO and MgO
[101], ThO, containing 15 mol% La,03 [102], nickel-substituted sodium-4~-alumina [103], Y,0s-
stabilized ZrO, [104] (Jacob et al. [104] also tried CaF, electrolyte, but the results were not
reproducible), Y,03-stabilized ZrO, [92] and composite electrolyte containing SiO, dispersed in

CaF, matrix [105]. Jacob et al. [104] had silica in the form of quartz in their cells and pointed out
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the uncertainty related to unspecified polymorph of silica used in the earlier studies. O’Neill [92]
reported two sets of data using either SiO, (quartz) or SiO, (cristobalite). As can be seen from
Figure 5.13, the Gibbs energy of formation of Ni,SiO, from NiO(s) and SiO, (quartz) calculated
from the thermodynamic functions selected in the present study is in excellent agreement with the
majority of the EMF experiments. The data of Rog and Borchardt [103] are somewhat higher than
the other measurements and the results of O’Neill [92] have a slightly different slope. The Gibbs

energies of formation from quartz and from cristobalite do not differ much.
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Figure 5.13: Gibbs energies of formation of Ni,SiO, from pure oxides: results of EMF
measurements [92, 101-105] and calculated lines

Several gas equilibration studies [106-108] reported the equilibrium oxygen partial pressure over the

three-phase region Ni(s)+SiO(s)+Ni,SiO4(s), which gives the Gibbs energy of the reaction
2Ni(s) + SiOy(s) + O2(g) = Ni2SiO4(s) (5.8)

Oxygen potential was controlled either by CO,/CO [106, 107] or by CO,/H, gas mixtures [108].
Again, there is some uncertainty related to the crystal form of silica used in these measurements. In
particular, Lebedev and Levitskii [106] used SiO, (quartz) crucibles and Campbell and Roeder [108]
most likely used SiO; (cristobalite) over the temperature range where tridymite should be the stable
form of silica. However, our calculations indicate that the resulted uncertainty in equilibrium P(O,)
is negligible. As can be seen from Figure 5.14, the results of the gas equilibration studies are in
excellent agreement with the line calculated from the thermodynamic functions of Ni,SiO, selected
in the present study, except for the data of Lebedev and Levitskii [106] which are lower than the
oxygen potentials reported by the other authors. The Gibbs energies obtained from the EMF
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measurements [92, 101-105] were also recalculated into P(O,) and plotted in Figure 5.14 to

demonstrate that the gas equilibration and EMF results are in good agreement.

The properties of the liquid phase were optimized to reproduce the phase diagram data shown in

Figure 5.12. The parameters of the Modified Quasichemical Model are given in Table 5.3.
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Figure 5.14: Equilibrium partial pressure of oxygen for the reaction 2Ni(s) + SiOy(s) + O,(g) =
Ni2SiO4(s). Points show the results of gas equilibration [106-108] and EMF studies [92, 101-105].

The calculated line corresponds to SiO; in its stable state

5.6 Conclusions

The present study forms a basis for development of a thermodynamic database that can be used for
simulation of nickel extraction from ores. The most important binary systems CaO-NiO, MgO-NiO
and NiO-SiO, were optimized as well as the properties of pure solid and liquid NiO. The obtained
thermodynamic functions are being used in optimizations of ternary and higher-order subsystems of
the Al-Ca—Cr-Fe-Mg-Ni—-O-Si system. In particular, critical assessment and optimization of the
CaO-NiO-SiO;, MgO-NiO-SiO,;, CaO-MgO-NiO, CaO-MgO-NiO-SiO, and Ni-Fe-Al-O
systems is being done within the same on-going research project and will be reported elsewhere.

The approach employed in the present study is characterized by a combination of critical assessment
of experimental data from the literature and thermodynamic modeling with experimental
measurements of phase equilibria at a few selected compositions which, on the one hand, can be
done most accurately and efficiently and, on the other hand, provide the most important data for

thermodynamic modeling.



69
In particular, the CaO-NiO and MgO-NiO systems were studied by equilibration and quenching
followed by electron probe X-ray microanalysis (EPMA) to resolve the discrepancies in the
experimental data available in the literature. The miscibility gap in the CaO-NiO monoxide solid
solution was measured from 1200 to 1600 °C. The phase equilibria between the MgO-NiO
monoxide solution and Ni were studied at fixed oxygen partial pressures from 107 to 10™*° atm
over the temperature range of 1000 to 1300 °C. These new measurements resolved the discrepancies

in the earlier experimental data on phase diagrams, activities and heats of mixing.

The parameters of thermodynamic models for the oxide phases were optimized to reproduce
simultaneously the experimental results from the present study and all thermodynamic and phase
diagram data for the CaO-NiO, MgO-NiO and NiO-SiO, systems from the literature. A set of self-
consistent Gibbs energy functions was obtained that provides the best possible description of
thermodynamic properties and phase equilibria in these systems. All available data are reproduced

within experimental error limits.
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Table 5.3 : Optimized properties of stoichiometric compounds and model parameters for the liquid phase and monoxide solid solution in the
Ca0-NiO, MgO-NiO and NiO-SiO, systems (J-mol™ and J-mol™-K™)

0 0
Compounds Temperature  AH 61 S o1 C.(T)
range (K)
NiO (solid) 298-2228 -239700.0 37.8900 514.2700 +0.397590T —3.4982x10°T % +5035500T ~* —68525T * — 24.001T °°

Magnetic properties of NiO

£ (magnetic moment) = 0.933 [17]

T, (Neel temperature) = 523 K [17]

P factor = 0.28 [17]

NiO (liquid) 298-4000 67.000 [17]

Transition NiO (solid) = NiO (liquid)

Enthalpy of melting AH ,, =58252.2
Melting temperature T, = 2228 K [17]
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Table 5.3 (Continued) : Optimized properties of stoichiometric compounds and model parameters for the liquid phase and monoxide solid
solution in the CaO-NiO, MgO-NiO and NiO-SiO, systems (J-mol™ and J-mol™*-K™)

CaO (solid)

CaO (liquid)

MgO (solid)

MgO (liquid)

SiO; (low-quartz)

298-2845

2845-3500

298-2845

2845-3500

298-3098

3098-3500

298-3098

3098-3500

298-373

373-848

-635090.0

-555594.0

-601500.0

-545345.0

-910699.9

37.7500

65.6908

26.9514

27.0040

41.4600

58.7912-1147150T 2 -133.904T *° +1.0298x10°T °

62.760

58.7912-1147150T * —133.904T ~*° +1.0298 x10°T ~°

62.760

61.1097 —621154T 2 —-296.199T *° +5844610T ~°

66.944

72.7956 —0.003142 2T +522752T % —296.199T °° +5844610T ~°

66.944

80.0120 —3546680T > —240.276 T ~*° + 4.9157 x10°T

80.0120 +8.4400x10°T —3546680T > —4.52127 x10°T ?
+6.05504x10°°T ° - 240.276 T ~°° + 4.9157 x10°T
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Table 5.3 (Continued): Optimized properties of stoichiometric compounds and model parameters for the liquid phase and monoxide solid
solution in the CaO-NiO, MgO-NiO and NiO-SiO, systems (J-mol™ and J-mol™*-K™)

SiO; (high-quartz)

SiO; (high-tridymite)

SiO;, (high-cristobalite)

Si0, (liquid)

Ni,SiO4 (solid)

298-1996

1996-3000

298-1991

1991-3000

298-1996
1996-3000

298-1996

1996-3000

298-1850

-908626.8

-907045.1

-906377.2

-896795.9

-1395090.0

44.2068

45.5237

46.0288

50.8291

128.1000

80.0120 — 3546680T > —240.276T °°+4.9157 x10°T 3

85.7720

75.3727 -5958100T 2 +9.5825x10°T ~°

85.7720

83.5136 — 2455360 T > - 374.693T *° +2.8007 x10°T ~°
85.7720

83.5136 — 2455360 T 2 —374.693T °°+2.8007 x10°T 3

85.7720

214.9970-1030.750T ~° —4944530T > +6.2371x10°T ~°
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Table 5.3 (Continued): Optimized properties of stoichiometric compounds and model parameters for the liquid phase and monoxide solid
solution in the CaO-NiO, MgO-NiO and NiO-SiO, systems (J-mol™ and J-mol™*-K™)

Slag (liquid oxide phase)

Zey =Zyy = Zy =1.37744375,  Zg =2.75488750

AQSe, =-11715.2, o, =-32216.8
Aglc\)/Ig,Ni = 0

AQS s =—1882.8+14.1838T, q =5857.6, q —803328.0—284.5120T

Ni,Si

Monoxide (solid oxide solution)

Ouca =57739.2-10.8784T, qic, =7322.0, qu \; =—11310.2+4.1840T, qy,; =3138.0

The Gibbs energy of formation of a compound from elements in their standard state at a temperature of T(K) and a pressure of 1 atm is given by

T T C
AG =AH 1 —T Sg1s + I298.15CP (T)dT —TL%.lsPdeT , where AH g, .- is the enthalpy of formation of the compound at 1 atm and 298.15 K, Sy s

is the entropy of the compound at 1 atm and 298.15 K, and C,,(T) is the heat capacity at constant pressure.
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CHAPTER 6 ARTICLE 2: EXPERIMENTAL STUDY AND
THERMODYNAMIC MODELING OF THE MgO-NiO-SiO, SYSTEM

Equation Chapter (Next) Section 1 Viktoria Prostakova, Jiang Chen, Evgueni Jak, Sergei A.
Decterov, J.Chem.Thermodyn. (2013) 43-55.

Some corrections were made to the original version of the article: description of the model for the
Mg-Ni proto-pyroxene as well as minor corrections to phase equilibria including proto-pyroxene

solution

Abstract

The MgO-NIiO-SiO, system has been studied by a combination of thermodynamic modeling and
experimental measurements of phase equilibria. A complete literature review, critical evaluation and
thermodynamic modeling of phase diagrams and thermodynamic properties of all oxide phases in
the MgO-NiO-SiO, system at 1 atm total pressure are presented. To resolve the contradictions in the
literature data, a new experimental investigation has been carried out over the temperature range
from 1400 to 1650 °C using an equilibration and quenching technique followed by electron probe X-
ray microanalysis (EPMA) by our colleagues from PyroSearch, Australia. Tie-lines between olivine
and monoxide, olivine and proto-pyroxene, liquid and olivine and liquid and cristobalite have been
measured. The whole set of experimental data, including the new experimental results and
previously published data, has been taken into consideration in thermodynamic modeling of oxide
phases in the MgO-NiO-SiO; system. The Modified Quasichemical Model has been used for the
liquid phase. A simple random mixing model with a polynomial expansion of the excess Gibbs
energy has been used for the monoxide solid solution. The models for olivine and proto-pyroxene
were developed within the framework of the Compound Energy Formalism. The optimized model
parameters reproduce all available thermodynamic and phase diagram data within experimental

error limits.

Keywords: Thermodynamic modeling; Nickel extraction; Phase equilibrium measurements; MgO-
NiO-SiO, system.
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6.1 Introduction

This study is part of an on-going research project to develop a self-consistent multicomponent
thermodynamic database for nickel extraction from laterite ores. The database development involves
experimental and thermodynamic modeling parts, which are closely integrated in order to enhance
the effectiveness of the overall program in terms of quantity of the required experimental work and

availability of specific data that are essential for thermodynamic modeling.

At present nickel metal is mostly extracted from high-grade sulphide ores; the rest is produced from
low-grade laterite ores. The continued depletion of high grade nickel sulphide ores has led to greater
efforts in recovering nickel from low grade laterite ores, which are normally classified into two
groups: the high-magnesia ores (saprolites or serpentines) and the high-iron, low-magnesia
hydroxides (limonites) [4]. Nickel is normally recovered from the high-magnesia ores by smelting
under reducing conditions, while limonites can be processed by selective reduction followed by
leaching with an ammonia—ammonium carbonate solution [4]. For creation of cost-effective,
environmentally-friendly and energy-efficient processes of Ni recovery from laterite ores, it is
important to have the ability to perform reliable calculations of phase equilibria in the Al-Ca—Cr-

Fe—-Mg-Ni—O-Si system, where Fe, MgO, NiO and SiO, are the major components.

A thermodynamic “optimization” of the MgO-NiO-SiO, system is reported in the present study. In
a thermodynamic “optimization” of a system, all available thermodynamic and phase diagram 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. In the present study, all
calculations were carried out using the FactSage thermochemical software and databases [1]. The
binary NiO-MgO and NiO-SiO, systems were optimized earlier [51].

Initially, parameters of thermodynamic models for all oxide phases in the MgO-NiO-SiO, system

were optimized to fit the experimental data collected from the literature. This revealed a shortage of
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experimental information for subsolidus phase equilibria at high temperatures: even though the
distributions of Ni between olivine and monoxide and between olivine and proto-pyroxene were
measured at 1100 °C [87], there were no data to constrain the temperature dependence of these
distributions. Furthermore, the solubility limits of Ni in proto-pyroxene reported in different studies
were contradictory and some of the phase equilibrium measurements in the liquidus region [93]

were difficult to rationalize.

Therefore, experimental measurements were made at temperatures and compositions which are most
useful for thermodynamic modeling by our colleagues from PyroSearch, Australia. The experimental
procedure involved equilibration and ultra rapid quenching followed by electron probe X-ray
microanalysis (EPMA) of quenched samples. The tie-lines olivine/monoxide and olivine/proto-
pyroxene were studied at 1400 and 1500 °C, and a number of tie-lines liquid/olivine and

liquid/cristobalite were measured over the temperature range from 1566 to 1650 °C.

Finally, a self-consistent set of optimized model parameters for all oxide phases in the MgO-NiO-
SiO, system was obtained by fitting all available data, including the new phase equilibrium

measurements from the present study and the experimental results published earlier.
6.2 Experimental procedure

6.2.1 Preparation of oxide mixtures

The starting mixtures were made from NiO (99.99 wt.% purity), MgO (99.99 wt.% purity) and SiO,
(99.98 wt.% purity) supplied by Sigma-Aldrich Co. Mixtures of selected bulk compositions were
prepared by weighing the high purity powders and mixing them thoroughly using an agate mortar
and pestle. The initial compositions of the mixtures were selected to have two or more phases in
equilibrium. Each mixture was then compacted with pressure of 40 MPa to produce a pellet
weighing less than 0.2 gram. 10 mm x 12 mm envelopes made from 0.025 mm-thick platinum foil
supplied by AGR Metthey were used as sample containers. It was found that platinum was inert to
the sample materials under the conditions of the investigation, so there was no contamination of the

samples.
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6.2.2 High temperature equilibration technique

All equilibration experiments were conducted in a vertical reaction tube (impervious re-crystalized
alumina, 30-mm i.d.) in electrical resistance heated furnaces with silicon carbide (SiC) elements.
Samples were introduced from the bottom of the vertical tube furnace and suspended by a sample
holder made of Pt wire. The 30-mm i.d. re-crystallized alumina reaction tube was preconditioned at
the target temperature for more than 5 minutes, and the specimen was then raised into the uniform

temperature hot zone of the furnace.

For measurements of phase equilibria involving the liquid phase, pre-melting of the sample was
carried out by increasing the temperature 25 °C above the target temperature. After 30 minutes of
pre-melting, the temperature of the furnace was decreased back to the target temperature and the

sample was equilibrated inside the furnace for at least 24 hours.

After the equilibration, the specimen was rapidly quenched by dropping it directly into iced water.
The quenched sample was dried on a hot plate, crushed into smaller pieces, which were mounted in
epoxy resin, polished using conventional metallographic polishing techniques and carbon coated for

subsequent electron probe X-ray micro-analysis (EPMA).

6.2.3 Control of temperature

To monitor the actual temperature surrounding the sample, a working thermocouple was placed in a
re-crystallised alumina thermocouple sheath immediately adjacent to the sample. The working
thermocouple was calibrated against a standard thermocouple (supplied by the National
Measurement Institute of Australia, NSW, Australia). The temperature of the experiment was
continuously controlled within + 1 °C of the target temperature. It is estimated that the overall

temperature accuracy of the experiment is = 4 °C or better.

6.2.4 Analysis technique and representation of systems

The rapid quenching technique successfully retained phase assemblages and phase compositions
present at equilibration temperatures so that they could be subsequently measured at room
temperature. The compositions of various phases were measured using JEOL 8200L EPMA with
wavelength dispersive detectors (JEOL is a trademark of Japan Electron Optics Ltd., Tokyo). A 15-
kV accelerating voltage and 15 nA probe current were selected for the micro-analyzer operation.

The standards (Charles M. Taylor, Stanford, CA) used in the EPMA measurements were as follows:
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wollastonite (CaSiO3) for Ca and Si, magnesite (MgO) for Mg, and Ni olivine (Ni,SiO,4) for Ni. The
Duncumb-Philibert correction based on the atomic number, absorption, and fluorescence (ZAF
correction, supplied by JEOL) was applied. The compositions were measured with an accuracy of 1

wt. %.

There are several advantages of the EPMA over the XRD technique which was largely adopted in

early phase equilibria studies; these include the following.

(1) Increased accuracy: EPMA, including the measurements of phase compositions, is carried out
after an equilibration experiment, circumventing uncertainties due to unavoidable losses of
components or materials during the sample preparation and equilibration process, i.e. losses due to

vaporization or reactions with containment materials.

(if) Microanalysis capability: The quantitative analysis of the phase compositions can be carried out
accurately in a small area 1 to 2 um in lateral size, which can be used for evaluating a local

equilibrium.

(iii) Imaging capability: The secondary and backscattered electron imaging provide additional
information for evaluating the phases present and their morphology, and for evaluating other

microstructural characteristics.

(iv) The EPMA technique can detect and measure small variations in the concentrations of metal
cations and accurately determine the phase boundaries, XRD on the other hand cannot detect a phase

present at low concentrations.

(v) By measuring the actual compositions of the phases, tie-lines between solid solutions can be

determined.
(vi) Phase relations in a multicomponent system at fixed conditions can be determined.

One of the main advantages essential for a study of high temperature phase equilibria is the fact that
the final results are not affected by changes in bulk composition during heat treatment (since the
compositions of phases are measured directly after the experiment). The interaction with the
containment material (crucible, substrate), vaporization of some elements during equilibration and

uncertainties in the initial mixture composition do not introduce inaccuracy in final results.
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6.2.5 Assessment of achievement of equilibrium

Particular attention was paid to achievement of equilibrium that was continuously re-confirmed by i)
equilibration over different time intervals, ii) checking the uniformity of phase compositions across
a sample, iii) approaching equilibrium from different directions and iv) considering possible

reactions taking place in a sample during equilibration.

Selected experiments were carried out for increasingly long periods to determine the minimum time
required to attain equilibrium. For example, the sample marked with * in Table 6.2 was equilibrated
for 12, 24, 36 and 48 hours. The results are shown in Table 6.1.

Table 6.1: Measured phase compositions for samples equilibrated for different periods of time in air
at 1570 °C

Time of . 0
equilibration Phase at Composition, wt.%
equilibrium
hours SiO; NiO MgO
Liquid 54.1 16.0 29.9
12
Cristobalite 99.9 0.1 0.0
Liquid 59.5 12.1 28.4
24
Cristobalite 99.7 0.3 0.0
Liquid 59.1 12.2 28.7
36
Cristobalite 99.6 0.4 0.0
Liquid 59.6 11.9 28.5
48
Cristobalite 99.6 0.4 0.0

As can be seen from Table 6.1, the composition of the liquid phase remains constant within the
experimental uncertainty for equilibration times of 24 hours or greater. This indicates that 24 hours

is the minimum time required for equilibration.

The homogeneity of phases in samples after experiments was checked by SEM back scattered

imaging and by EPMA measurements of phase compositions in various parts of the sample. Figure



80
6.1 shows the microstructure of a non-equilibrium sample treated for 72 hours at 1400 °C in air. In
this experiment SiO,, MgO and NiO powders were mixed in a certain ratio in order to achieve a
two-phase equilibrium between olivine and pyroxene. As can be seen from the micrograph, a
number of tridymite particles (dark) are surrounded by a rim of pyroxene (grey) and isolated from
monoxide particles (bright). This micrograph indicates that the reaction between tridymite and metal
oxides is still taking place and equilibrium has not been achieved. Such traces of incomplete

reactions were searched for in all samples to ensure that the final results correspond to equilibrium.

Figure 6.1: Microstructure of a sample in the MgO-NiO-SiO, system equilibrated for 72 hours at
1400 °C in air showing that equilibrium is not achieved. Monoxide (M), Pyroxene (P), Tridymite
(T) and Voids (V)

Phase compositions across a sample were checked by EPMA. Six sampling points were selected for
each phase. The samples were re-crushed and re-equilibrated if variations within any phase were
found to be greater than 1 wt.%.

6.3 Experimental results

Experiments in the MgO-NiO-SiO; system were conducted in air from 1400 to 1650 °C. Examples
of typical microstructures of these samples after equilibration are shown in Figure 6.2.
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Figure 6.2: Typical backscattered SEM micrographs of samples in the MgO-NiO-SiO, system
equilibrated in air: (I) Liquid (L) and Cristobalite (C) at 1570 °C; (1I) Liquid (L), Olivine (O) and
Cristobalite (C) at 1570 °C; (Ill) Monoxide (M), Olivine (O) and Voids (V) at 1400 °C; (1V)
Pyroxene (P), Olivine (O) and Voids (V) at 1400 °C

Homogeneous glassy (liquid) phase can be seen in Figure 6.2-1 and Figure 6.2-11, indicating that the

liquid was well quenched and equilibrium was achieved.

When the liquid phase is absent, i.e. under subsolidus conditions, even though porosity is observed
in the microstructure of the samples shown in Figure 6.2-111 and Figure 6.2-1V, the equilibrated solid
phases are interconnected and homogeneously distributed throughout the sample suggesting that
equilibrium is reached. The composition of each phase was measured by EPMA in multiple

locations across the sample and was found to be uniform within 1 wt.%.

The compositions of phases measured by EPMA in the samples equilibrated in air are presented in
Table 6.2 and Table 6.3.
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Table 6.2: Equilibrium phase compositions measured by EPMA in the liquidus region of the MgO-
NiO-SiO, system for temperatures ranging between 1566 °C and 1650 °C

. Phases at Composition, mol%
Temperature,°C equilibrium

q Si0o, | NiO | MgO
1566 Liquid 51.5 3.7 44.8
Liquid 53.3 8.7 38.0

1570*
Cristobalite 99.8 0.2 0.0
Liquid 51.2 4.2 44.6

1570
Olivine 331 10.3 56.6
Liquid 48.6 18.5 32.9
1570 Olivine 335 28.3 38.2
Cristobalite 99.2 0.8 0.0
Liquid 48.5 18.4 331
1570 Olivine 32.3 24.2 43.5
Cristobalite 99.4 0.6 0.0
Liquid 50.4 8.0 41.6

1583
Cristobalite 100 0.0 0.0
1598 Liquid 54.9 11.1 34.0
Liquid 56.3 9.4 34.3

1600
Cristobalite 99.7 0.3 0.0
Liquid 49.5 20.2 30.3

1600
Cristobalite 99.1 0.9 0.0
Liquid 49.5 4.7 45.8

1600
Olivine 32.8 9.5 57.7
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Table 6.2 (Continued): Equilibrium phase compositions measured by EPMA in the liquidus region
of the MgO-NiO-SiO, system for temperatures ranging between 1566 °C and 1650 °C

1600 Liquid 48.1 12.3 39.6
Olivine 335 30.3 36.2
Liquid 58.1 9.4 32.5

1650
Cristobalite 99.7 0.3 0.0
Liquid 51.9 20.8 27.3

1650
Cristobalite 99.2 0.8 0.0
Liquid 47 .4 25.1 275

1650

Cristobalite 99.1 0.9 0.0

Table 6.3: Equilibrium phase compositions measured by EPMA in the subsolidus region of the

MgO-NiO-SiO, system for temperatures ranging between 1400 °C and 1546 °C

Temperature, °C Phases at Composition, mol%

equilibrium Sio, NiO MgO

1400 Olivine 33.1 0.5 66.4
Monoxide 0.0 4.3 95.7

1400 Olivine 33.0 0.9 66.1
Monoxide 0.0 7.6 924

1400 Olivine 33.0 14 65.6
Monoxide 0.0 11.3 88.7

1400 Olivine 33.0 2.0 65.0
Monoxide 0.0 15.2 84.8

1400 Olivine 33.1 2.4 64.5
Monoxide 0.0 18.8 81.2
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Table 6.3 (Continued): Equilibrium phase compositions measured by EPMA in the subsolidus

region of the MgO-NiO-SiO, system for temperatures ranging between 1400 °C and 1546 °C

1400 Olivine 33.1 2.7 64.2
Monoxide 0.0 22.9 77.1

1400 Olivine 32.9 10.2 56.9
Monoxide 0.0 52.0 48.0

1400 Olivine 32.9 24.8 42.3
Monoxide 0.0 77.9 221

1400 Olivine 33.0 50.8 16.2
Monoxide 0.3 94.0 5.7

1400 Olivine 33.2 1.5 65.3
Proto-pyroxene | 50.2 0.5 49.3

1400 Olivine 33.5 2.9 63.6
Proto-pyroxene | 50.4 1.0 48.6

1400 Olivine 33.1 4.3 62.6
Proto-pyroxene | 50.3 1.6 48.1

1400 Olivine 33.3 5.4 61.3
Proto-pyroxene | 50.2 24 47.4

1400 Olivine 333 6.4 60.3
Proto-pyroxene | 50.3 3.0 46.7

Olivine 33.2 10.7 56.1

1400 Proto-pyroxene | 49.8 4.6 45.6
Tridymite 99.9 0.0 0.1

1500 Olivine 33.1 0.5 66.4
Monoxide 0.0 4.1 95.9
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Table 6.3 (Continued): Equilibrium phase compositions measured by EPMA in the subsolidus

region of the MgO-NiO-SiO, system for temperatures ranging between 1400 °C and 1546 °C

1500 Olivine 33.2 0.9 65.9
Monoxide 0.0 7.5 92.5

1500 Olivine 33.1 14 65.5
Monoxide 0.0 11.4 88.6

1500 Olivine 33.1 1.9 65.0
Monoxide 0.0 15.0 85.0

1500 Olivine 33.2 2.4 64.4
Monoxide 0.0 18.7 81.3

1500 Olivine 33.1 2.9 64.0
Monoxide 0.1 22.5 77.4

1500 Olivine 33.1 10.9 56.0
Monoxide 0.0 51.3 48.7

1500 Olivine 33.0 25.6 41.4
Monoxide 0.2 76.0 23.8

1500 Olivine 33.2 50.1 16.7
Monoxide 0.1 92.8 7.1

1500 Olivine 331 1.3 65.6
Proto-pyroxene | 50.2 0.7 49.1

1500 Olivine 33.2 2.7 64.1
Proto-pyroxene | 50.2 1.3 48.5

1500 Olivine 33.1 3.8 63.1
Proto-pyroxene | 50.1 1.8 48.1
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Table 6.3 (Continued): Equilibrium phase compositions measured by EPMA in the subsolidus

region of the MgO-NiO-SiO, system for temperatures ranging between 1400 °C and 1546 °C

1500 Olivine 33.2 4.8 62.0
Proto-pyroxene | 50.2 2.7 47.1
1500 Olivine 331 6.0 60.9
Proto-pyroxene | 50.2 3.4 46.4
Olivine 32.8 10.9 56.3
1500 Proto-pyroxene | 49.9 4.7 45.4
Tridymite 99.9 0.1 0.0
Olivine 33.2 12.6 54.2

1519
Cristobalite 99.9 0.1 0.0
Proto-pyroxene | 50.1 3.5 46.4

1520
Cristobalite 99.9 0.1 0.0
Olivine 33.0 10.7 56.3
1520 Proto-pyroxene | 49.9 4.7 45.4
Cristobalite 99.9 0.1 0.0
Olivine 33.1 10.8 56.1
1546 Proto-pyroxene | 49.8 4.8 454
Cristobalite 99.9 0.1 0.0

6.4 Phases and thermodynamic models

The stable oxide phases present in the MgO-NiO-SiO, pseudo-ternary system at ambient

pressure are listed in Table 6.4. Cations shown within a set of parentheses occupy the same

sublattice in the corresponding solution. The optimized thermodynamic properties of the monoxide

solution and silica were reported earlier [51]. Slag, proto-pyroxene and olivine are discussed below.
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Table 6.4: Stable oxide phases present in the MgO-NiO-SiO, system at ambient pressure

Phase name (space group) Formula Notation used in
the present study

Solution phases:

Slag (liquid oxide) MgO-NiO-SiO, L or Liquid
Monoxide (Fm3m) (Mg,Ni)O Monoxide
Olivine (Pbnm) (Mg®, NiZhM2(Mg?*, Ni*)M!sio, Olivine
Proto-pyroxene (Pbcn) (Mg, NiZhM2(Mg?*, Ni*")M!Si,04 Ppx

Stoichiometric compounds:

Low-Quartz or a-Quartz SiO; Qz(low)
High-Quartz or f-Quartz SiO; Qz
High-Tridymite or B-Tridymite SiO, Trid
High-Cristobalite or B-Cristobalite  SiO, Crist

6.4.1 Slag (liquid oxide)

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. In other words, there is almost full first-nearest-neighbour short-range ordering (SRO)

between cations and anions. Furthermore, there is a strong tendency for second-nearest-neighbour

SRO of cations in melts. In particular, basic cations such as Mg form strong second-nearest-

neighbour (SNN) pairs with acidic cations such as Si. This is taken into account by the Modified
Quasichemical Model [7, 8] which is used in the present study for modeling of the liquid oxide
phase. For example, in the binary MgO-NiO and NiO-SiO, liquid solutions, the short-range
ordering is taken into account by considering the following SNN pair exchange reactions:

(Mg-Mg) + (Ni-Ni) = 2(Mg-Ni);  Agy, (6.1)

(Ni-Ni) + (Si-Si) = 2(Ni-Si); Ay 6.2)

where (m-n) represents a second-nearest-neighbour pair and Ag,, is the Gibbs energy of the

corresponding pair exchange reaction. Let n, and Z, be the number of moles and the second-
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nearest-neighbor coordination number of component m, respectively. The “coordination-equivalent”

fractions (Yy,) are then defined as

Yo=2Z,0, /> Zin, (6.3)

Ag,,, is expanded as a polynomial in the “coordination-equivalent” fractions of the components

AGpy = Ao+ D, AR YY) (6.4)

(i+j)=1

where Ag’. and q are empirical binary coefficients which may be functions of temperature and
pressure. These were optimized to describe all available thermodynamic and phase equilibria data in
the binary systems [51].

The asymmetric “Toop-like” extrapolation [28] of binary terms into the ternary system is used in
order to calculate the Gibbs energy of the ternary liquid, with SiO, as the “asymmetric component”.

Except for the binary terms, the model can have ternary terms, ., which give the effect of the

presence of component p upon the energy of pair exchange reaction Ag,,. Ternary terms are also

expanded as empirical polynomials containing model parameters. The formulae for ternary terms
and for extrapolation of binary and ternary terms into a multicomponent system are discussed in
detail elsewhere [28]. In order to reproduce the liquidus data in the MgO-NiO-SiO, system, three

optimized ternary model parameters were added in the present study.

6.4.2 Compound Energy Formalism (CEF)

The models for the olivine and pyroxene solutions were developed within the framework of the
Compound Energy Formalism (CEF) [9]. It is well suited to model solid solutions with two or more

distinct sublattices. The Gibbs energy expression per formula unit is

G, = ZZ\(iWYleei ;TS +G,, (6.5)
i

where Yi'\’|2 and Yle represent the site fractions of the constituents i and j on the M2 and M1
sublattices, respectively, Gij is the Gibbs energy of an end-member ij of the solution in which the

M2 sublattice is occupied only by cation i and the M1 sublattice is occupied only by cation j, S, is

the configurational entropy assuming random mixing on each sublattice
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S, =—RQ_Y,"*InY M2+ >y " Iny M) (6.6)
i i

and G, is the excess Gibbs energy,

Grﬁ — ZZZYiMZYJ‘MZYleLij:k + ZZZYKMZYiMlYJ‘MlLk:” (67)

i ik ik
where L, and L, ; are the interaction energies between cations i and j on the one sublattice when

the other sublattice is occupied by k. The dependence of the interaction energies on the composition

can be expressed by Redlich-Kister power series:
Lij:k = z mLij:k YjM2 _YiMz)m (6.8)

L = Z mLk:ij (Yle _YiMl)m (6.9)

6.4.2.1 Olivine

A complete miscibility exists between the end-members Mg,SiO, and Ni,SiO, in the olivine solid

solution.

In natural olivines, M,SiO4, Mg is one of the major elements along with Fe, while Ni is a minor
component. Cations M occupy two distinct octahedral sites, called M1 and M2, where M2 sites are
larger than M1. Mg?* and Ni®* cations can occupy both M2 and M1 sites (sublattices) in the olivine

structure:
(Mg, Niz*)™ (Mg?, Niz* )" sio, (6.10)

The Gibbs energy of the olivine solution is given by Equation (6.5). According to formula unit
(6.10), the Mg-Ni olivine solution has four end-members, the Gibbs energies of which must be
defined.

The Gibbs energies of two end-members, Gy, and Gyini» are equal to the Gibbs energies of the

corresponding stoichiometric compounds, Mg,SiO4 and Ni,SiO4, which are stable in the binary

M2 . M1 .
systems and have the olivine structure. The remaining two end-members, (Mgz+) (N|2+) SIO,

=2+ M2 2+ ML .. -
and (Nl ) (Mg ) SiO,, do not exist as real compounds. Two model parameters were

introduced to define the Gibbs energies of these end-members. The first parameter,
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Kigni = Gnivig — Guigni » T€Presents the change in the Gibbs energy when the Mg®* and Ni*" cations

occupying M2 and M1 sites, respectively, change places. This parameter has a major effect on the

cation distribution between M2 and M1 sites in olivine. The second parameter is the Gibbs energy of

the reciprocal reaction among end-members: Ay nivg = Cwmgwg T Onini — Gugni =~ Cnimg - The
constant values of the parameters Ky, and Ay.i.ww, Were optimized to reproduce all

experimental data on olivine, including the cation distribution, thermodynamic properties and phase

equilibria. Clearly, G, and Gy, can be expressed as linear combinations of Gy, . Ginis Kygu

and Ay nivg -

The effective ionic radii of Mg®* and Ni** are similar: r o, =072A and I ,, =0.69A in
] 1

octahedral coordination [48]. Hence, the excess Gibbs energy for olivine is expected to be small, if

any.

6.4.2.2 Pyroxene

The Gibbs energy of the proto-pyroxene solution is given by Equation (6.5). Mg-Ni proto-pyroxene

was optimized within a wider Ca-Mg-Ni proto-pyroxene solution
2+ 2+ £2+ M2 2+ £ 2+ M1 .. . . .
(Ca , Mg, Ni ) (Mg , Ni ) S1,0,. For the Ca-Mg-Ni proto-pyroxene, the Gibbs energies

of six end-members must be defined. From the previous optimization [50], Gy, is equal to the
Gibbs energy of the proto-pyroxene modification of the Mg,Si,O¢ stoichiometric compound, which

is stable in the MgO-SiO, binary system above about 984 °C. GCaMg was previously optimized by

Jung et al. [45] for the Ca-Mg proto-pyroxene solution. Similar to CaMgSi,Os end-member, G,

was set equal to the Gibbs energy of the stoichiometric clino-CaNiSi,Og, with the enthalpy of

transition of clino- to proto-CaNiSi,Og equal to that of CaMgSi,Os.
The thermodynamic properties of the end-member (Ni)(Ni)Si,Og were evaluated as

Gyni = G(NILSIO,,olivine) + G(SIO,, tridymite) + A+ B-T (6.11)

where an additional enthalpy term A and a small entropy term B are the optimized model

parameters.
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Similar to olivine, two more model parameters were introduced to define the Gibbs energies of the

other two end-members. The parameter Ky, = Gyiyg —Gygy affects mainly the cation distribution

between M2 and M1 sites in proto-pyroxene and the second parameter is the Gibbs energy of the
reciprocal reaction among end-members: Ac,i:nivg = Ccamg + GCnini = Geani —Cning =0+ Finally, one

excess Gibbs energy parameter equal to that for the Ca-Mg proto-pyroxene solution [45] was

introduced due to a big difference of cationic radii of Ca** and Ni**, as mentioned above.

6.5 Critical evaluation of experimental data and optimization

The ternary MgO-NiO-SiO, system was recently optimized by Woo et al. [55]. However, since the
time of their optimization the new experimental data appeared in the MgO-NiO-SiO; system and its
binary subsystems. Some of these data are presented here and the rest — in our previous study [51].
To take into account the new data, reoptimization of the ternary MgO-NiO-SiO, system has been
performed in this study.

6.5.1 Solid solutions and subsolidus phase equilibria

No ternary stoichiometric compounds were found in the MgO-NiO-SiO, system. As can be seen
from Figure 6.3, there is an extensive olivine solid solution with complete miscibility between
Mg,SiO,4 and Ni,SiO, that was first reported by Ringwood [89]. The proto-pyroxene solution was
reported [109] to have limited solubility of NiSiO3 in MgSiOs.
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Figure 6.3: Isothermal section of the MgO-NiO-SiO, phase diagram at 1400 °C: experimental tie-
lines measured in this study, literature data [108, 110], and calculated lines (see Table 6.4 for the

phase names)

Experimental data for the MgO-NiO-SiO; system include structural [111-119] and thermodynamic
data [108, 120, 121] for the olivine solution as well as some phase equilibrium data [87, 89, 93, 108,
110, 122].

The distribution of Mg and Ni between the M1 and M2 sites in olivine was studied repeatedly at
temperatures ranging from 500 to 1400 °C [111-119]. Rajamani et al. [111] measured the cation
occupancies in a synthetic Mg-Ni olivine sample quenched from 1280 °C by single-crystal X-ray
analysis. Preferential ordering of Ni cations on the smaller M1 sites and Mg cations on the larger M2

sites was reported, which is shown in Figure 6.4.
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Figure 6.4: Composition dependence of cation ordering in Mg-Ni olivine: experimental points [111-

119] and calculated lines

The strong tendency to the cation ordering in Mg-Ni olivine was confirmed in subsequent studies
[112-119], where the cation ordering was measured on quenched [112-116] or in situ [117-119]
samples as a function of composition at specified equilibration temperatures. In situ measurements
were essential at higher temperatures, when equilibrium distribution of cations could not be retained

by quenching.

In the majority of studies [112-115, 119], a single-crystal X-ray diffraction technique was used: Bish
[112] studied the olivine solution at 500 °C, Bostroem [113, 114] at 900 and 1300 °C, Ottonello et
al. [115] from 800 to 1300 °C and Hirschmann [119] at 800, 900, and 1000 °C. Some other
techniques were also employed: Hu et al. [116] measured the cation ordering at 900 °C by polarized
optical absorption spectroscopy and Chen et al. [117] used high-pressure powder X-ray diffraction

analysis at 800 °C.

Henderson et al. [118] used a neutron powder diffraction technique and X-ray absorption
spectroscopy to measure both the composition and temperature dependence of the cation ordering
(see Figure 6.4 and Figure 6.5). In their in-situ experiments shown in Figure 6.5, the samples were
initially annealed at high temperature and quenched. The cation distribution was frozen during
quenching at about 800 °C. The in-situ neutron powder diffraction measurements were then

performed on heating and re-ordering started to occur on the time-scale of the experiments at about
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700 °C, showing an increase in order compared to the quenched sample. At higher temperature, a
decrease in equilibrium order was observed towards a random state. As can be seen from Figure 6.5,
most samples quenched from high temperatures show higher degree of order than measured in-situ,
indicating that the equilibrium cation distribution at the annealing temperature was not quenched but
rather it got frozen at about 1000 to 800 °C. Only Ottonello et al. [115] managed to quench the
cation distribution from higher temperatures. They dropped sealed quartz capillaries containing very
small samples in cold water, achieving the temperature drop from 1200 to 500 °C in about 0.5
seconds. Hence, the measurements shown in Figure 6.4 most likely correspond to equilibrium cation

ordering at 1000 to 800 °C rather than at the annealing temperatures.

0,9

08 Rajamani et al. (1975), quenched

Bostroem (1987), quenched
Bostroem (1989), quenched
Ottonello et al. (1989), quenched
Henderson et al. (2001), in-situ
Henderson et al. (2001), quenched
Hirschmann (1992), in-situ

Chen et al. (1996), in-situ
calculated

0,7
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Figure 6.5: Temperature dependence of the cation ordering of Ni on M1 sites in the olivine solutions
Mg1.0Ni10Si04 and Mg 6Nip4SiO4: experimental points [111, 113-115, 117-119] and calculated

lines

The activity of Ni,SiO, in Mg-Ni olivine was reported in several studies [108, 120, 121].
Essentially, the equilibrium oxygen partial pressure was measured in the three-phase olivine-Ni-
Si0O, region, which made it possible to calculate the activity of Ni,SiO,4. The results of these studies

are shown in Figure 6.6.

Campbell and Roeder [108] used a CO,/H, gas equilibration method at 1400 °C and found the
activity of Ni,SiO, in the olivine solution to be nearly ideal. Silica was reported to be in the form of

cristobalite, even though tridymite is the stable crystalline form of SiO, at this temperature.

Ottonello and Morlotti [120] and Bostroem and Rosen [121] used the EMF technique with calcia-

stabilized zirconia electrolyte. The cell reaction in both studies was
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2Ni(solid) +SiO, (solid) + O,= Ni,SiO, (in solid solution) (6.12)

Neither of these authors mentioned the form of silica in their studies. As shown in Figure 6.6,
Bostroem and Rosen [121] measured much lower oxygen potentials for olivine in equilibrium with
nickel and silica than Ottonello and Morlotti [120] and reported the activity of Ni,SiO4 in olivine
having slightly negative deviations from ideality at 927 °C and slightly positive deviations at 1127
°C. On the contrary, Ottonello and Morlotti [120] observed large positive deviations from ideality in
the temperature range of 716-1188 °C. Their results are inconsistent with the existence of a
continuous range of solid solutions between Mg,SiO, and Ni,SiO4. The most probable explanation
for this inconsistency is the sluggishness of reaction (6.12) and the transport of oxygen through the
electrolyte, which became more pronounced at low concentrations of Ni in olivine as the difference
in the oxygen pressures on each side of the electrolyte increased [121]. Bostroem and Rosen [121]
overcame this difficulty by replacing the Ni(solid) + NiO(solid) + O,(gas) reference electrode with
the CO,(gas) + CO(gas) + O,(gas) electrode where the CO/CO, ratio was adjusted until the EMF of
the sample cell approached zero.

As can be seen from Figure 6.6, the calculated oxygen partial pressures in the olivine-Ni-SiO;
region are in excellent agreement with the measurements of Campbell and Roeder [108] and
Bostroem and Rosen [121]. Using different crystalline forms of SiO; in the calculation has a
negligible effect on the results.
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Figure 6.6: Partial pressures of oxygen for olivine in equilibrium with nickel and silica:
experimental points [108, 120, 121] and calculated lines

There are no data in the literature on the thermodynamic properties of Mg-Ni proto-pyroxene and on
the distribution of Mg and Ni between the M1 and M2 sites in this phase.

The tie-lines between olivine and monoxide and between olivine and proto-pyroxene were measured
by Seifert and O'Neill [122], Mukhopadhyay and Jacob [87] and, at higher temperatures, in the
present study. All these studies used the quenching method followed by EPMA. The results are
shown in Figure 6.7 and Figure 6.8. The calculated lines reproduce well the temperature dependence
of the experimental data. As can be seen from Figure 6.8, the calculated lines based on the

optimization of Woo et al. [55] are almost independent of temperature over the range from 1100 to
1500 °C.
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Figure 6.7: Distribution of Ni between NixMg;-xO (monoxide) and (NixMgi-x).SiO4 (olivine) at
several temperatures: experimental points [87, 122] and calculated lines
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Figure 6.8: Distribution of Ni between NixMg;xSiOs; (proto-pyroxene) and (NixMgi.x).SiO,4
(olivine) at several temperatures: experimental points [87] and calculated lines. Dashed lines are

metastable extrapolations into the proto-pyroxene/olivine/SiO, three-phase region

The maximum solubility of NiSiO; in the proto-pyroxene solution was found to be 9.6 mol% at
1100 °C [87] and 12 mol% [110] or 13 mol% [108] at 1400 °C. This is in disagreement with the data
of Grutzeck and Muan [93] that indicate the maximum solubility of less than 6.9 mol% at 1520 °C.
To resolve this contradiction, the composition of proto-pyroxene in equilibrium with olivine and
SiO, was measured by EPMA in the present study (see Table 6.3). The corresponding solubility
limit of NiSiO3 in MgSiO3; was obtained to be 9.2 mol% at 1400 °C, 9.4 mol% at 1500 °C and 9.6
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mol% at 1546 °C. The maximum solubility of NiSiO; calculated using the model parameters
optimized in the present study is 6.3 mol% at 1100 °C, 11.3 mol% at 1400 °C and 13.0 mol% at
1500 °C, which is lower than reported in studies [87, 108, 110], but a little higher than our EPMA

measurements.

Campbell and Roeder [108] measured the oxygen partial pressure at 1400 °C in the equilibrium
mixture of four phases: olivine, proto-pyroxene, SiO, (cristobalite) and metallic nickel. The
experimental value of 107*° atm is in excellent agreement with P(O,) = 107-*® atm calculated from

the optimized model parameters.

6.5.2 Phase equilibria with liquid

Phase equilibria involving the liquid phase were reported by Ringwood [89] and Grutzeck and Muan
[93], who used a quenching technique in combination with phase identification by optical
microscopy and X-ray diffraction. The calculated isothermal sections of the MgO-NiO-SiO; phase
diagram are compared with the results of Grutzeck and Muan [93] and EPMA measurements from
the present study in Figure 6.9-Figure 6.12. Only the experimental points that are within £ 5 degrees
from the temperature of the calculated isothermal sections are shown in the figures. The reported

[93] experimental temperatures are given in brackets.

As can be seen from Figure 6.9 and Figure 6.10, the experimental points [93] corresponding to the
cristobalite + olivine and liquid + cristobalite + olivine phase fields suggest somewhat smaller liquid
region than the EPMA results from the present study, i.e. the liquid + cristobalite + olivine triangle
entirely consistent with the data of Grutzeck and Muan [93] would be shifted to the left from the
calculated one. This would be hard to reconcile with the empty circle in Figure 6.10 corresponding
to single-phase liquid and suggesting a larger liquid region. Our EPMA measurements show that this

particular point is located in the liquid + olivine field.

The liquid + cristobalite point in Figure 6.11 is contradictory to the liquid + cristobalite + olivine
and cristobalite + olivine points. Similarly, the liquid + cristobalite + olivine and monoxide +
cristobalite + olivine points in Figure 6.12 are inconsistent with the data of the same authors for the
binary eutectic in the NiO-SiO, system, which was reported to be at 1650 °C [93]. The liquid phase
field should then expand all the way from the MgO-SiO, to NiO-SiO, system, making the liquid +

cristobalite + olivine and monoxide + cristobalite + olivine equilibria impossible.
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Overall, the phase diagrams calculated using the model parameters optimized in the present study
reproduce all available experimental data on solid-liquid phase equilibria within experimental
uncertainty. The earlier optimization of Woo et al. [55] was based solely on the results of Grutzeck
and Muan [93]. Therefore, it gives a smaller liquid region at 1570, 1600 and 1620 °C and is not
consistent with our EPMA measurements. It should be noted that it also does not reproduce the
liquid + cristobalite + olivine and cristobalite + olivine points of Grutzeck and Muan [93] at 1620
°C. In the present study, the model parameters were optimized with the preference given to the
EPMA data because this technique is believed to be more accurate and it provides not only the

equilibrium phase assemblage at a particular overall composition, but also the compositions of all

phases.
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Figure 6.9: Isothermal section of the MgO-NiO-SiO, phase diagram at 1570 °C: tie-lines measured
in the present study, experimental points [93], and calculated lines (see Table 6.4 for the phase
names). Temperatures in brackets are the actual temperatures at which experiments of Grutzeck and

Muan [93] were made
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Figure 6.10: Isothermal section of the MgO-NiO-SiO, phase diagram at 1600 °C: tie-lines
measured in the present study, experimental points [93], and calculated lines (see Table 6.4 for the
phase names). Temperatures in brackets are the actual temperatures at which experiments of
Grutzeck and Muan [93] were made. Phase boundaries calculated using the optimization of Woo et

al. [55] are shown by short-dashed lines
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Figure 6.11: Isothermal section of the MgO-NiO-SiO; phase diagram at 1620 °C: experimental
points [93] and calculated lines (see Table 6.4 for the phase names). Temperatures in brackets are

the actual temperatures at which experiments of Grutzeck and Muan [93] were made. Phase

boundaries calculated using the optimization of Woo et al. [55] are shown by short-dashed lines
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Figure 6.12: Isothermal section of the MgO-NiO-SiO, phase diagram at 1650 °C: tie-lines
measured in the present study, experimental points [93], and calculated lines (see Table 6.4 for the
phase names). Temperatures in brackets are the actual temperatures at which experiments of

Grutzeck and Muan [93] were made

Two eutectic points deduced by Grutzeck and Muan [93] from their quenching experiments are

compared with the calculated eutectics in Table 6.5.

Table 6.5: Experimental and calculated eutectic points in the MgO-NiO-SiO; system

Mole fractions
Invariant equilibria Temperature, °C
SiO, MgO NiO

Experimental [93] 1547 0.526 0.418 | 0.056
L—ppx+olivine+crist

Calculated 1540 0.517 0.412 | 0.071

Experimental [93] 1633 0.450 0.017 | 0.534
L—monoxide+olivinetcrist

Calculated 1636 0.450 0.021 | 0.529

Ringwood [89] studied phase equilibria along the orthosilicate Mg,SiO4-Ni,SiO4 section of the
MgO-NiO-SiO; phase diagram. His data are compared with the calculated phase diagram in Figure
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6.13. The agreement is within experimental accuracy, considering that temperature was measured by
an optical pyrometer with the precision not better than + 20 degrees and that Ringwood mentioned
some difficulties with quenching and distinguishing between devitrified liquid and crystals of
equilibrium solid phases. Furthermore, the decomposition temperature of pure Ni,SiO4 shown in the
calculated phase diagram is in agreement with the results of several studies as discussed earlier [51],

whereas Ringwood [89] reported that Ni,SiO, is still stable about 80 degrees above this temperature.
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Figure 6.13: Phase diagram of the Mg,SiO,—Ni,SiO, orthosilicate section: experimental points [89]
and calculated lines

6.5.3 Optimization

Parameters of the models described in Section 6.4 were optimized to reproduce all available
experimental data. All optimized parameters are given in Table 6.6.
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Table 6.6: Optimized model parameters for the slag, olivine and proto-pyroxene phases in the MgO-
NiO-SiO; system (J-mol™)*

Slag (liquid oxide) MgO-NiO-SiO,

Zy =2y =1.3774, Zg = 2.7549

g
001 001 001

Onisi gy = —39748,  Oyg siniy =16736, Qg nisy = 28576

The following parameters are taken from study [50]:

AQ,y,si = —86089, o . =—48972+37.6558-T, g7 . =328105-125.519-T

Mg,Si Mg,Si

The asymmetric “Toop-like” extrapolation [28] of binary terms into the ternary system was used (silica — asymmetric
component).

Olivine (orthosilicate solution) (Mg®*, Ni*)(Mg*, Ni#HM!sio,

= G(Ni,Si0,) [51]

GNiNi
KMgNi = GNng _GMgNi =22677.3

AMgNi:Nng = GMgMg "'GNiNi _GMgNi _GNng =-5439.2
G

= G(Mg,SiO,, forsterite) is taken from [50].

MgMg

Proto-pyroxene (Ca®*, Mg**, NiZ"M*(Mg?*, Ni*")M!Si,0¢

Guni = G(Ni,S1,0,)=G(Ni,SiO,,olivine) + G(SiO,, tridymite) +14112.6 - 4.184 - T
Geni = G °(CaNiSi, 0O, proto-) = G°(CaNiSi, O, clino-) +17071.2;

Gcamg is taken from [45];
KMgNi = GNng - GMgNi =-25104;

ACaNi:Nng = GCaMg "'GNiNi _GCaNi _GNng =0.

The enthalpy of transition of CaNiSi,Og from proto- to clino-structure was set equal to that for CaMgSi,Og [45].

*The optimized thermodynamic properties of NiO, other stoichiometric compounds and the monoxide and liquid

solutions in the MgO-NiO and NiO-SiO, binary systems were reported in our previous study [51].

First, the thermodynamic properties of the olivine solid solution were described using two model

parameters. The distribution of cations between M1 and M2 sites shown in Figure 6.4 and Figure 6.5
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is affected mainly by the K,,,; parameter. The first approximation for the Ay, yiv, Parameter was

zero, but in the final optimization a small negative value was optimized to reproduce better the

experimental data shown in Figure 6.6 and Figure 6.7.

Then, the thermodynamic properties of the proto-pyroxene solution were optimized. The distribution
of cations between M1 and M2 sites in proto-pyroxene has to be estimated because of the lack of
experimental data. Woo et al. [55] assumed that the cations are randomly distributed between M1
and M2 sites, i.e. there is no preferential ordering of Mg or Ni to a particular octahedral sublattice.
In the present study, it was assumed that the distribution of Ni between M1 and M2 sites in the Mg-
Ni proto-pyroxene solution is similar to that of Fe in the Mg-Fe ortho-pyroxene solution. The latter
was optimized by Jung et al. [46] using available experimental data (see Figure 8 of their study).

The composition dependence of the cation distributions in both pyroxenes is shown in Figure 6.14.
For Mg-Ni proto-pyroxene, the model parameter K,,,; was optimized to describe the estimated
cation distribution. Parameters A and B in the Gibbs energy expression for the end-member

(Ni)(Ni)Si,06 were optimized to fit subsolidus phase equilibria, in particular the ones shown in
Figure 6.3 and Figure 6.8. The Gibbs energy of the reciprocal reaction among the proto-pyroxene

end-members, Ac.yi:nivg = Gcamg + Onini — Ccani — Gnimg = 0, Was assumed to be equal to zero.

1
Ni-Mg Ppx, this study
N Ni-Mg Ppx, Woo et
g 08 al. (2011)
x ! == «= Fe-Mg Opx, Jung et
s al. (2004)
o
= 0,6 .
= M2 site
=
c .
° 0,4 M1 site
[«5)
LL
e
)
= 0,2
P4 0,
1

0 0,5 1
X'in Ni(or Fe)yMg, xSiO,

Figure 6.14 : Composition dependence of the cation ordering in Mg-Ni proto-pyroxene and Mg-Fe

ortho-pyroxene (Opx) at 800 °C
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Finally, three ternary model parameters for the liquid phase were optimized to reproduce the
liquidus data of Ringwood [89], Grutzeck and Muan [93], and those obtained in the present study.
The most representative experimental data are shown in Figure 6.9-Figure 6.13 and the calculated

liquidus projection is given in Figure 6.15.

As can be seen from Figure 6.3-Figure 6.13, the experimental data are reproduced within
experimental error limits. All other available experimental points that are not shown in the figures
are described equally well.

SiO,

(1723)
1687

& Si0,{crist)

21675

Si0,crist)
Proto-pyroxene 1548765
MgSio, .A"'\““ e

(1558) 1500 —
Mg.Si0, /\ O / Ni,SiO.
1863 s, 30
\ 50
\ -

MgO NiO
(2825) mole fraction {1955)

Figure 6.15 : Calculated liquidus projection of the MgO-NiO-SiO, phase diagram. Temperatures

are in °C, phase names are given in Table 6.4

6.6 Conclusion

The present study forms a basis for development of a thermodynamic database that can be used for
simulation of nickel extraction from ores. The MgO-NiO-SiO, system has been studied by a
combination of critical assessment of the experimental data from the literature, thermodynamic

modeling and experimental measurements of phase equilibria at selected compositions which, on the
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one hand, can be done most accurately and efficiently and, on the other hand, provide the most

important data for thermodynamic modeling.

In  particular, tie-lines  olivine/monoxide, olivine/proto-pyroxene, liquid/olivine  and
liquid/cristobalite have been measured to complement the literature data and to resolve some
contradictions. The experimental investigation has been carried out over the temperature range from

1400 to 1650 °C using an equilibration and quenching technique followed by EPMA.

The parameters of thermodynamic models for the oxide phases were optimized to reproduce
simultaneously the experimental results from the present study and all thermodynamic and phase
diagram data for the MgO-NiO-SiO, system from the literature. A set of self-consistent Gibbs
energy functions was obtained that provides the best possible description of thermodynamic
properties and phase equilibria in this system. All available data are reproduced within experimental

uncertainties.
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CHAPTER 7 THERMODYNAMIC OPTIMIZATION OF THE
QUATERNARY CaO-MgO-NiO-SiO, OXIDE SYSTEM AND ITS
TERNARY SUBSYSTEMS CaO-NiO-SiO, AND CaO-MgO-NiO

Equation Chapter (Next) Section 1A combination of experimental investigation and thermodynamic
modeling was applied to investigate the quaternary CaO-MgO-NiO-SiO, system and its ternary
subsystems CaO-MgO-NiO and CaO-NiO-SiO,. A complete literature review, critical evaluation and
thermodynamic modeling of phase diagrams and thermodynamic properties of all oxide phases in these
chemical systems at 1 atm total pressure are presented. The literature review and initial model
calculations revealed contradictions in the available phase equilibrium data for the CaO-NiO-SiO;
system. To resolve them, the experimental measurements were carried out by our colleagues from
PyroSearch, Australia, including the high temperature equilibration in controlled gas atmospheres,
rapid quenching and direct measurement of quenched samples with electron probe X-ray microanalysis
(EPMA). The liquid oxide — solid oxides (i.e. wollastonite, silica, olivine, pyroxene) tie-lines have
been measured over the temperatures from 1330 to 1500 °C. The newly obtained data in
combination with previously available data were taken into consideration in the final stage of
thermodynamic modeling. The Modified Quasichemical Model was used for modeling of the slag
phase. The models based on the Compound Energy Formalism were developed for olivine, melilite
and pyroxene solid solutions. Using the obtained self-consistent set of model parameters, significant
predictions of phase equilibria in the CaO-MgO-NiO-SiO; system were made.

7.1 Background

This study is part of a broader research project to develop a thermodynamic database for simulation
of nickel extraction from laterite ores by the joint effort of experimental measurements and
thermodynamic modeling. This approach greatly increases the effectiveness of the overall program
by reducing the amount of the required experimental work and providing specific experimental data

for thermodynamic modeling.

Laterite ore deposits consist of heterogeneous mixtures of hydrated iron oxides and hydrous
magnesium silicates [13]. The basis of the laterite ore is olivine (Fe,Mg),SiO,4, which often contains

small amounts of nickel due to the proximity of ionic radii of Fe?*, Mg*" and Ni**. The nickel
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recovery from laterite ores can be significantly increased if reliable thermodynamic calculations in

the Al-Ca—Cr—Fe-Mg-Ni-0-Si system can be performed.

In the course of this project, initially, the binary systems NiO-CaO, NiO-MgO and NiO-SiO, were
optimized [51]. Further, the optimization of the MgO-NiO-SiO, system was made by the present
authors [123] that provided a basis for the current study.

Initially, the parameters of the models for all oxide phases were optimized to fit available
experimental data collected from the literature. The initial calculations revealed shortage of
experimental data in the liquidus region of the CaO-NiO-SiO, system: although this region was
investigated by several authors [124, 125], it was difficult to constrain the temperature dependence
of model parameters for the liquid phase. Therefore, experimental measurements were carried out to
provide specific data for thermodynamic modeling by our colleagues from PyroSearch, Australia.
The experimental technique involved equilibration and ultra rapid quenching followed by electron
probe X-ray microanalysis (EPMA) of quenched samples. The experimental results of the present
study, along with the literature data, were taken into account in the subsequent optimization of all oxide
phases in the CaO-MgO-NiO-SiO; system and its ternary subsystems CaO-NiO-SiO, and CaO-
MgO-NIO at 1 atm total pressure.

In a thermodynamic “optimization” of a system, all available thermodynamic and phase diagram
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. In the present study, all

calculations were carried out using the FactSage thermochemical software and databases [1].
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7.2 Experimental

7.2.1 Preparation of oxide mixtures

The starting mixtures were made from CaO (99.98 wt% purity), NiO (99.99 wt% purity), SiO;
(99.98 wt% purity) supplied by Sigma-Aldrich Co. Mixtures of selected bulk compositions were
prepared by weighing the high purity powders and mixing them thoroughly using an agate mortar
and pestle. The initial compositions of the mixtures were selected to have two or more phases in
equilibrium. Each mixture was then compacted with pressure of 40 MPa to produce a pellet
weighing less than 0.2 gram. 10 mm x 12 mm envelopes made from 0.025 mm-thick platinum foil
supplied by AGR Metthey were used as sample containers. It was found that platinum was inert to
the sample materials under the conditions of the investigation so there was no contamination of the

samples.

7.2.2 High temperature equilibration technique

All equilibration experiments were conducted in a vertical reaction tube (impervious re-crystalized
alumina, 30-mm i.d.) in electrical resistance heated furnaces with silicon carbide (SiC) elements.
The sample was introduced from the bottom of the vertical tube furnace and suspended by a sample
holder constructed using Pt wire. The 30-mm i.d. re-crystallized alumina reaction tube was
preconditioned at the target temperature for more than 5 minutes, and the specimen was then raised

into the uniform temperature hot zone of the furnace.

For measurements of phase equilibria involving the liquid phase, pre-melting of the sample was
carried out by increasing the temperature 25 °C above the target temperature. After 30 minutes of
pre-melting, the temperature of the furnace was decreased back to the target temperature and the

sample was equilibrated inside the furnace for at least 24 hours.

After the equilibration, the specimen was rapidly quenched by dropping it directly into iced water.
The quenched sample was dried on a hot plate, crushed into smaller pieces, which were mounted in
epoxy resin, polished using conventional metallographic polishing techniques and carbon coated for

subsequent electron probe X-ray micro-analysis (EPMA).
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7.2.3 Control of temperature

To monitor the actual temperature surrounding the sample, a working thermocouple was placed in a
re-crystallised alumina thermocouple sheath immediately adjacent to the sample. The working
thermocouple was calibrated against a standard thermocouple (supplied by the National
Measurement Institute of Australia, NSW, Australia). The temperature of the experiment was
continuously controlled within + 1 °C of the target temperature. It is estimated that the overall

absolute temperature accuracy of the experiment is £ 5 °C.

7.2.4 Analysis technique and representation of systems

The rapid quenching technique successfully retained the liquid slag as a homogenous glassy phase.
The compositions of various phases were measured using JEOL 8200L EPMA with wavelength
dispersive detectors (JEOL is a trademark of Japan Electron Optics Ltd., Tokyo). A 15-kV
accelerating voltage and 15 nA probe current were selected for the micro-analyzer operation. The
standards (Charles M. Taylor, Stanford, CA) used in the EPMA measurements were as follows:
wollastonite (CaSiO3) for Ca and Si and Ni olivine (Ni,SiO4) for Ni. The Duncumb-Philibert
correction based on atomic number, absorption, and fluorescence (ZAF correction, supplied by

JEOL) was applied. The compositions were measured with an accuracy of 1 wt. %.

The fact that compositions of phases are measured after rather than before the experiment make the
accuracy of results independent from the changes of bulk composition during the experiment
provided the achievement of equilibrium between phases is confirmed. The results therefore are not
affected by interaction with the containment material (crucible, substrate), vaporization of some
elements during equilibration and uncertainties in the initial mixture composition. Moreover, this
independence from the changes in bulk composition enables the extension of the technique to the
gas/metal (or matte)/slag/solid(s) systems as well as to the use of the substrate or levitation
techniques. The small size of the liquid slag phase used in the suspension technique (down to the
several micron liquid film) enhances achievement of a) equilibrium of condensed phases as well as
b) high quenching rates (as the liquid contacts quenching media first without crucible interference),
thus extending the applications to the systems where these factors are the limitations for research,

such as Ca-ferrite slag and slag/matte systems.
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The compositions of all phases at equilibrium are measured, enabling the determination not only of
liquid compositions, but, importantly, the compositions of solid solutions coexisting with these
liquids. The crystal phases are reliably identified from their compositions.

7.2.5 Assessment of achievement of equilibrium

Confirmation of the achievement of equilibria has always been one of the most important questions
in experimental phase equilibrium studies. The key tests to ensure the achievement equilibrium

include:

1. Changing the equilibration time to confirm that no further changes take place as the time is

increased.
2. Confirming the chemical homogeneity of each of the phases.
3. Approaching equilibrium from different directions followed by analysis of the results.

4. Analyzing possible reactions taking place during equilibration, application of the available
analytical techniques looking for possible signs of incomplete reaction pathways during
equilibration. SEM imaging and EPMA analysis of the trends of the compositions across the phases

used in the present series of studies are particularly effective in this analysis.

In the present study, selected experiments were carried out at different times to determine the

minimum time required to attain equilibrium.

The uniformity of phase compositions across sample was checked by EPMA. Six sampling points
were selected for each phase. The samples were re-crushed and re-equilibrated if variations within

one single phase were found greater than 1 wt. %.

7.3 Experimental results

Experiments in the CaO-NiO-SiO, system were conducted in air at P(O,) = 0.21 atm from 1330 to
1500 °C. Examples of typical microstructures of these samples after equilibration are shown in

Figure 7.1.
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Figure 7.1: Backscattered SEM micrographs typical of the equilibrated CaO-NiO-SiO, system (1)
Liquid (L), Olivine (O) and Tridymite (T) at 1370 °C in air; (11) Liquid (L) and wollastonite (W) at
1400 °C in air; (1) Liquid (L), Tridymite (T) and Wollastonite (W) at 1390 °C in air

The equilibrated phases were found to have good contact with each other and a dense structure was
obtained which suggested a well equilibrated process. A homogenous glassy (liquid) phase was
obtained indicating the liquid was well quenched; the composition of each phase was found to be

uniform and within standard deviation of 1wt.% measured by EPMA.

The compositions of the phases in the equilibrated samples, as measured by EPMA, are presented in
Table 7.1.
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Table 7.1: Equilibrium phase compositions measured by EPMA in the system CaO-NiO-SiO; in air

for temperatures ranging from 1330 to 1500 °C

Composition, mol%

Temperature, Phase at

C equilibrium Sio, CaO NiO
Olivine 33.6 0.2 66.2
1330 Tridymite 99.0 0.1 0.9
Pyroxene 50.4 25.0 24.6
Olivine 33.6 0.3 66.1
1350 Tridymite 99.2 0.1 0.7
Pyroxene 50.5 24.6 24.9
Liquid 56.2 26.7 17.1
1370 Olivine 33.7 0.6 65.7
Tridymite 99.3 0.1 0.6
Liquid 59.3 31.3 94
1360 Wollastonite 49.8 50.0 0.2
Tridymite 99.4 0.3 0.4
Liquid 58.4 35.4 6.2
1390 Wollastonite 49.9 50.0 0.1
Tridymite 99.8 0.1 0.1
Liquid 52.3 33.2 14.5

1360
Wollastonite 50.1 49.8 0.1
Liquid 53.6 34.0 12.4

1390
Wollastonite 49.9 50.1 0.0
Liquid 49.8 37.6 12.6

1400
Wollastonite 49.8 50.1 0.1
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Table 7.1 (Continued): Equilibrium phase compositions measured by EPMA in the system CaO-

NiO-SiO; in air for temperatures ranging from 1330 to 1500 °C

Liquid 50.3 41.2 8.5

1450
Wollastonite 49.7 50.2 0.1
Liquid 50.4 45.0 4.6

1500
Wollastonite 50.0 49.9 0.1

7.4 Phases and thermodynamic models

The stable oxide phases present in the CaO-MgO-NiO-SiO, quaternary system are listed in Table

7.2, along with the corresponding formulas and notations used in the article. Cations shown within a

set of parentheses occupy the same sublattice in the corresponding solution. The thermodynamic

properties of wollastonite, a-Ca,SiO, and o'-Ca,SiO, solution phases as well as stoichiometric

compounds were optimized earlier by Jung et al. [45]. Slag, monoxide, olivine, melilite and

pyroxenes are discussed below.

Table 7.2: Solution phases and stoichiometric compounds present in the CaO-MgO-NiO-SiO,

system
Phase name Formula Notation used
in this study
Solution phases:
Slag (liquid oxide) Ca0-MgO-NiO-SiO, L or Liquid
Monoxide (solid oxide) Ca0-MgO-NiO Monoxide
Olivine (Ca®*, Mg®*, Ni*)M4(ca®*, Mg?*, Ni*)Msio,  Olivine
Clino-pyroxene (C2/c, monoclinic) (Ca*", Mg?*, Ni*")M2(Mg?*, Ni#)M1Si,04 Cpx
Proto-pyroxene (Pbcn, orthorhombic)  (Ca**, Mg, NiZ")M?(Mg?*, Ni**)M!Si,04 Ppx
Wollastonite (Ca**, Mg?")SiO; Woll
0-Ca,SiO, (Ca®*, Mg®),Si0, a-Ca,SiO,
o'-Ca,SiOy (Ca**, Mg®")zSiO4 a'-Ca,SiO4
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Table 7.2 (Continued): Solution phases and stoichiometric compounds present in the CaO-MgO-
NiO-SiO, system
Melilite Ca,(Mg®*, Ni%")Si,0;

Stoichiometric compounds:

Akermanite Ca,MgSi,07

Merwinite CazMgSi,Og

Pseudo-wollastonite CaSiOs; P-woll
Hatrurite Ca3SiOs

Rankinite Ca3Sip 0y

Silica (quartz, tridymite, cristobalite)  SiO, gz, trid, crist

7.5 Slag (liquid oxide)
The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. In other words, there is almost full first-nearest-neighbour short-range ordering (SRO)

between cations and anions. Furthermore, there is a strong tendency for second-nearest-neighbour

SRO of cations in melts. In particular, basic cations such as Mg form strong second-nearest-

neighbour (SNN) pairs with acidic cations such as Si. This is taken into account by the Modified
Quasichemical Model [7, 8], which is used in the present study for modeling of the liquid oxide
phase. In the binary CaO-NiO, MgO-NiO and NiO-SiO; liquid solutions, the short-range ordering

is modeled by considering the following SNN pair exchange reactions, respectively:

(Ca-Ca) + (Ni-Ni) = 2(Ca-Ni); Agc, (7.1)
(Mg-Mg) + (Ni-Ni) = 2(Mg-Ni); AQygni (7.2)
(Ni-Ni) +(Si-Si) = 2(Ni-Si);  AQys; (7.3)

where (m-n) represents a second-nearest-neighbour pair and Ag,. is the Gibbs energy of the

corresponding pair exchange reaction. Let ny, and Z,, be the number of moles and the coordination
number of component m, respectively. The “coordination-equivalent” fractions (Y) are then defined
as
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Yo=Z.n, /D Zin, (7.4)

AQ,,,, is expanded as a polynomial in the “coordination-equivalent” fractions of the components

Agmn = Agr?m + Z q::lnYr:\YnJ (75)

(i+j)>1

where Ag’. and g are empirical binary coefficients which may be functions of temperature and

pressure. These were previously optimized to take into account all available thermodynamic and

phase equilibrium data in the binary systems [50, 51, 126, 127].

Extrapolation of binary parameters into the ternary systems CaO-MgO-NiO and CaO-NiO-SiO; is
done by a grouping method [28]. The components are divided into two groups: basic components
(CaO, MgO and NiO) and an acidic component (SiO,). The symmetric “Kohler-like” extrapolation
is applied in the case of the CaO-MgO-NiO system, where all three components belong to the first
group; the asymmetric “Toop-like” extrapolation is used in the case of the CaO-NiO-SiO, system,

with SiO, as an asymmetric component.
Except for the binary terms, the model can have ternary terms, q,,,,,,» which give the effect of the

presence of component p upon the energy of pair exchange reaction Ag,,. Ternary terms are also

expanded as empirical polynomials containing model parameters. The formulae for ternary terms
and for extrapolation of binary and ternary terms into a multicomponent system are discussed in

detail elsewhere [28].

In order to reproduce the liquidus data for the CaO-NiO-SiO, system, three optimized ternary
model parameters were introduced in the present study. The properties of the CaO-MgO-NiO
ternary slag were predicted solely from the corresponding binaries. No adjustable ternary parameters

were introduced.

7.6 Monoxide (solid oxide)

The monoxide phase exists in the CaO-MgO-NiO ternary system and its binary subsystems. MgO
and NiO are continuously miscible in each other, while CaO has limited solubility in both NiO and
MgO.

The Gibbs energy of the monoxide solution is represented by the polynomial model with the

“Kohler-like” extension of binary and ternary terms into multicomponent systems [28]:
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G, =D XG +RTY X;InX, +GF (7.6), where

m n | m n
E_ X X; mn Xi Xi X, Imn
¢ _sz:x‘xj(xierjJ (xi+xj] % +sz:;xixix{xi+xj+xj{xi+xj+xJ [x.+x.+xk] e
(7.7)

In these expressions, X;and G’ are the mole fraction and the Gibbs energy of component i; q;" and

Imn

q; are interaction parameters, which can be temperature dependent; and the powers I, m, and n are
>0.

The binary terms were optimized previously to take into account available data in the binary
systems [51, 126]. The properties of the ternary CaO-MgO-NiO monoxide solution were

extrapolated from the binary parameters using the symmetric “Kohler-like” technique [28]. No

ternary terms were introduced.

7.7 Compound energy formalism (CEF)

The models for the olivine, pyroxene and melilite solutions were developed within the framework of
the compound-energy formalism (CEF) [9]. It is well suited to model solid solutions with two or
more distinct sublattices. The Gibbs energy expression per formula unit is

G, = Z_:Zvi““\(j“”lei ;—TS.+Gj (7.8)
i

where Y,"'? and YJ.Ml represent the site fractions of the constituents i and j on the M2 and M1

sublattices, respectively, G;; is the Gibbs energy of an end-member ij of the solution in which the

i
M2 sublattice is occupied only by cation i and the M1 sublattice is occupied only by cation j, Gr',f IS

the excess Gibbs energy and S, is the configurational entropy assuming random mixing on each

sublattice,

S, =—RO_ Y™ InYM2 + >y M Iny M) (7.9)
i i

and G,E is the excess Gibbs energy,

GrE — ZZZYiMZYJ'MZYleL”:k +ZZZYkM2YiMleM1Lk:ij (710)
i j ok i j k
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where L, and L ; are the interaction energies between cations i and j on the one sublattice when

the other sublattice is occupied by k. The dependence of the interaction energies on the composition

can be expressed by Redlich-Kister power series:
Lij:k szLij:k(YjMz _YiMZ)m (7.11)

Lij = Z mLk:ij (Yle _YiMl)m (7.12)

m

7.7.1 Olivine

A complete miscibility exists between the end-members Mg,SiO, and Ni,SiO4 of the olivine
solution. The solubility of Ca,SiO,4 in Mg,SiOy is limited; the small solubility of Ca,SiO4 in Ni,SiO,4
was reported in the literature.

In natural olivines, M,SiO,4, Fe and Mg are major elements, while Ni and Ca are minor components.
Cations M occupy two non-equivalent octahedral sites: a smaller M1 site and a larger M2 site. All
three cations Ca**, Mg®* and Ni** can occupy both M2 and M1 sites (sublattices) in the olivine

structure:
(ca®, Mg*, Ni** )" (ca®, Mg, Ni**)" siO, (7.13)

The Gibbs energy of the solution is expressed by Equation (8). According to formula unit (13), the
Ca-Mg-Ni olivine solution has nine end-members, Gibbs energies of which should be defined. Only

two end-member Gibbs energies, Gy, and Gg,y;, were optimized in this study: the rest were

accepted from the previous studies by Jung et al. [45] for the Ca-Mg olivine solution and by
Prostakova et al. [123] for the Mg-Ni olivine. In those studies, the Gibbs energies of the end-

members, G, Gpygvg @Nd Gyini» Were set equal to the Gibbs energies of the corresponding

stoichiometric compounds, Ca,SiO4, Mg,SiO,4 and Ni,SiO,4, which are stable in the binary systems
and have the olivine structure [45, 123]. In addition to the end-member Gibbs energies, several
excess Gibbs energy parameters were optimized in the studies [45, 123] and accepted in the present

work.

(Caz*)Mz(Niz*)MlsiO4 and (Niz*)Mz(Caz*)'\MSiO4 end-members do not exist as real compounds.

Two model parameters were introduced to define the Gibbs energies of these end-members. G,
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was first estimated as half sum of the Gibbs energies of Ca,SiO, and Ni,SiO, olivines, with

additional Gibbs energy parameter, which was optimized to describe some solubility data available
from the literature. Another parameter, K..ni = Gpica — Gcani» represents the change in the Gibbs

energy when the Ca** and Ni®" cations occupying M2 and M1 sites, respectively, change places.
This parameter has a major effect on the cation distribution between M2 and M1 sites in olivine and
was optimized to describe cation distribution of Ca-Ni olivine. It was assumed that the distribution

of Ca between M1 and M2 sites in the Ca-Ni olivine solution is similar to that of Ca in the Ca-Mg

olivine solution that was previously optimized by Jung et al. [45]. Clearly, G, and G, can be

expressed as linear combinations of G,c,, Gyini» Keani @nd Geayi -

Finally, the excess Gibbs energy parameters were introduced to take into account a big difference of

cationic radii of Ca** and Ni**, r_.. =100pm and ro2 = 69pm [48] (see Table 7.7).

7.7.2 Pyroxenes

There exist two regions of pyroxene solution in the CaO-MgO-NiO-SiO, system: a limited region
of the Mg-Ni proto-pyroxene solution, with NiSiO3 showing limited solubility in MgSiO3, and a
complete clino-pyroxene solution between the end-members CaMgSi,Og and CaNiSi,Og. The other
pyroxenes (ortho- and low clino-) are not stable at ambient pressure.

Like olivine, pyroxene has two distinct octahedral sublattices, M2 and M1, and tetrahedral sites
occupied by Si [49]. Mg and Ni can be present on both octahedral sublattices, while Ca occupies

only the larger M2 site. So, a formula unit of the pyroxene solution is the following:
(ca®, Mg?, Nit*)" (Mg?, Ni**)" si,0 (7.14)

The Gibbs energy of pyroxene is given by Equation (8) of the CEF.

According to formula unit (14), the Gibbs energies of six end-members must be defined. A set of

model parameters for Mg-Ni proto-pyroxene solution was optimized in our previous study [123].

GCaMg was previously optimized by Jung et al. [45] for the Ca-Mg proto-pyroxene solution. Similar

to CaMgSi,Os end-member, G, was set equal to the Gibbs energy of the stoichiometric clino-

CaNiSi,Og, with the enthalpy of transition of clino- to proto-CaNiSi,Og equal to that of CaMgSi,Os.
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For clino-pyroxene, two of six end-member Gibbs energies, G, and G, . were previously

optimized by Jung et al. [45] for the Ca-Mg clino-pyroxene solution. The rest were optimized in this

study.

Ge, s the Gibbs energy of the stoichiometric clino-CaNiSi,Og. To define the Gibbs energies of the
other three end-members, similar to the olivine solution, the linear combinations of the parameters,

Kuvgni s Acaninivg: @A Acpimgug.  Were introduced as model parameters. The parameter

Kygni = Gninig —Gwigni affects mainly the cation distribution between M2 and M1 sites in the Mg-Ni

clino-pyroxene, while the other two parameters are the Gibbs energies of the reciprocal reaction

among end-members.

Finally, two excess Gibbs energy parameters equal to those for the Ca-Mg clino-pyroxene solution
[45] were introduced due to a big difference of cationic radii of Ca** and Ni?*, as mentioned above
(see Table 7.7).

7.7.3 Melilite

Cax(Mg**, Ni*")Si,07 melilite solution has 2 end-members. G,,, was set equal to the Gibbs energy

of the stoichiometric akermanite Ca,MgSi,O; compound with melilite structure, which was
previously optimized by Jung et al. [45]. G,; was estimated as a sum of the Gibbs energies of

niopside CaNiSi,Og with clino-pyroxene structure and solid CaO, with additional Gibbs energy
parameter, which was optimized to describe the solubility of Ni in Ca,MgSi,O; available in the

literature.

7.8 Critical evaluation of experimental data and optimization

The ternary CaO-NiO-SiO, and CaO-MgO-NiO systems, and the quaternary CaO-MgO-NiO-
SiO, system were recently optimized by Woo et al. [55]. However, since the time of their
optimization new experimental data appeared in the CaO-NiO-SiO, and MgO-NiO-SiO, ternary
systems and its binary subsystems CaO-NiO and MgO-NiO. Some of these data are presented here
in Table 7.1, and the rest in our previous studies [51, 123]. To take into account the new data,
reoptimization of the quaternary CaO-MgO-NiO-SiO, system and its ternary subsystems CaO-
NiO-SiO, and CaO-MgO-NiO has been performed in this study.
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7.8.1 CaO-NiO-SiO; system

7.8.1.1 Summary of experimental data

7.8.1.1.1 Thermodynamic properties

The only ternary compound CaNiSi,Og, which was first synthesized by Gjessing [128] and has the
clino-pyroxene structure, is present in the CaO-NiO-SiO, system. It is called niopside due to
proximity of its structure to diopside CaMgSi,Og. Since there were no reports on non-stoichiometry
of niopside in the literature, it was assumed to be stoichiometric in the present study. No ternary

solid solutions were reported in the CaO-NiO-SiO; system.

Thermodynamic data for niopside CaNiSi,Og include the enthalpy of formation [129] and the Gibbs
energy data [124, 130]. The enthalpy of formation of CaNiSi,Og from the corresponding oxides
CaO, NiO and SiO, (quartz) was measured by Navrotsky and Coons [129] as -113.4 + 2.1 kJ-mol™
(one standard deviation) at 713 °C by means of oxide melt solution calorimetry. The calculated
value of the present study is -115.9 kJ/mol, which will be discussed later. In addition, partial
pressures of oxygen for the phase assemblage CaNiSi,O¢ + SiO, + CaSiO3 + Ni were measured in a
couple of studies [124, 130]. Pretorius and Muan [124] measured them by employing gas
equilibration technique in the range of temperatures 1200-1350 °C. In their study, oxygen pressures
were fixed by the flow of CO,/H, gas mixture, CaSiOz was stated to be in the form of pseudo-
wollastonite, in agreement with the accepted temperature of transition of wollastonite to pseudo-
wollastonite at 1125 °C, while the crystal modification of silica was not mentioned. In the
subsequent study, Mukhopadhyay and Jacob [130] measured the oxygen pressures for the
CaNiSi,Og + SiO, + CaSiO3z + Ni phase assemblage in the temperature range 727-1127 °C by the
electromotive force measurements (EMF). The crystal modifications of reagents were quartz for
silica and wollastonite for CaSiOs. The slope of the curve for the Gibbs energy of formation of
CaNiSi,Og obtained by Mukhopadhyay and Jacob [130] significantly differs from that of Pretorius
and Muan [124], as can be seen in Figure 7.2. Using pseudo-wollastonite and cristobalite in
calculations changes the slope in the right direction, but not sufficiently to describe the data of
Pretorius and Muan [124]. Between the two sets of data, the latter results of Mukhopadhyay and
Jacob [130] were chosen for further optimizations, since they were in better agreement with the
enthalpy data of Navrotsky and Coons [129]. In Figure 7.2, the calculated line of Woo et al. [55] is
also presented. In their study, the literature data of Mukhopadhyay and Jacob [130] were represented
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incorrectly on the partial pressures of oxygen for the CaNiSi,Og + SiO, + CaSiO3 + Ni assemblage

versus temperature curve. The resultant Gibbs energy function lays =~ 2-6 kJ higher than it should be.

4

¢ Mukhopadhyay and Jacob (1995)
2r A Pretorius and Muan (1992)
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----- calculated with h-cristobalite and
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— — Woo et al. (2011) s
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Figure 7.2: Temperature dependence of the Gibbs energy of formation of niopside CaNiSi,Og from
NiO, SiO, and CaSiOs: literature data [124, 130] and calculated lines

The thermodynamic properties of the liquid solution were studied by Pretorius and Muan [131] who
measured the activity of NiO in the CaO-NiO-SiO; slag at 1435 °C by equilibrating it with metallic

nickel at oxygen pressure fixed by CO,/H, mixture. Their results are given in Table 7.3.

7.8.1.1.2 Phase equilibria

The phase equilibria in the CaO-NiO-SiO, system were studied by several authors [124, 125, 130].
Phase relations in the subsolidus region of the CaO-NiO-SiO; ternary system were studied by
Mukhopadhyay and Jacob [130] at 1100 °C by means of quenching technique and identifying the
phases by X-ray diffraction and energy dispersive X-ray analysis. Their data are shown in Figure
7.3.
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Figure 7.3: Isothermal section of the CaO-NiO-SiO, phase diagram at 1100 °C: literature data [130]

and calculated lines

Phase relations in the liquidus region of the CaO-NiO-SiO, ternary system were investigated from
1360 to 1550 °C by Biggar [125] who employed the equilibration/quenching technique followed by
microscopic and X-ray diffraction phase analyses. Biggar [125] observed nickel orthosilicate 5 °C
above its melting temperature of 1545 °C, which is demonstrated in Figure 7.7. As an explanation,
he suggested the existence of a crystalline solution of Ni,SiO, containing small amount of Ca. Our
calculations also suggest a small solubility of Ca in Ni,SiO4. However, it was problematic to
reproduce other experimental points of Biggar [125], particularly, L + CaSiO3z and L + CaSiO3 +
SiO;, points at 1390 °C (see Figure 7.5). To check contradictory points, the CaO-NiO-SiO; ternary
phase diagram has been re-investigated experimentally at 1360 and 1390 °C by the EPMA of
guenched samples. The new experimental results, which are given in Table 7.1 and shown in Figure
7.4 and Figure 7.5, showed that L + CaSiOs + SiO, data point of Biggar [125] was erroneous.
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Figure 7.5: Isothermal section of the CaO-NiO-SiO, phase diagram at 1390 °C: literature data
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Figure 7.6: Isothermal section of the CaO-NiO-SiO; phase diagram at 1475 °C: literature data [125]
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Several authors investigated the CaSiO3—NiSiO3 section of the CaO-NiO-SiO, phase diagram,
which is shown in Figure 7.8. Biggar [125] observed incongruent melting of niopside at about 1340
°C, which was later confirmed by Pretorius and Muan [124] by quenching with optical microscopic
observation. Pretorius and Muan [124] reported a temperature at which incongruent melting
occurred as 1338 °C and a liquidus temperature above the niopside composition as 1420 °C. They
also reported the temperatures of the invariant equilibria in the CaO-NiO-SiO; system involving
niopside, which are given in Table 7.4.

Biggar (1969) this study
1600 | < T melting of CaNiSi, O, = liquidus N
Pretorius, Muan (1992) _ _ ., Curectic composition
1550 | ® liquidus L+Ni,SiO,+Si0,(cri 1557 °C
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@) O
©~ 1500 - x@s
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Molar ratio NiSiO,/(CaSiO;+NiSiO,)
Figure 7.8: CaSiO3—-NiSiO3 section of the CaO-NiO-SiO; phase diagram: literature data [124, 125],

this study experimental results and calculated lines (see Table 7.2 for notations)

Although Biggar [125] reported incongruent melting of niopside at 1340 °C, he observed a phase,
which he called primary niopside, above this temperature. He admitted that either niopside could be
a crystalline solution, which was not confirmed experimentally in the literature, or the starting
composition could be not exact. If the composition deviated from stoichiometric CaNiSi,Og, he
could observe the formation of a liquid phase in the eutectic (see Figure 7.9). Thus, the melting
temperature of niopside could have been measured erroneously. In particular, the liquid phase could
have been observed in the CaNiSi,Og + CaSiO3 + SiO, + liquid eutectic at the temperature as low as

1342 °C, according to calculations.
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To resolve the conflicting interpretations, the melting temperature of niopside was checked in this
study using EPMA of quenched samples. However, it was not measured directly in order not to be
faced with the experimental difficulties encountered in previous studies. Instead, a few critical
experiments have been performed to determine the CaNiSi,O¢ + Ni,SiO4 + SiO, + liquid eutectic
temperature, as shown in Figure 7.8. In addition, the liquidus points on the CaSiO3—NiSiO3 section
of the CaO-NiO-SiO, phase diagram on the CaSiOs-side have been measured at 1400, 1450 and
1500 °C. The experimental results are given in Table 7.1.

7.8.1.2 Optimization

In the optimization of all available data in the CaO-NiO-SiO, system, first, the thermodynamic
properties of niopside CaNiSi,Og were optimized using the enthalpy and Gibbs energy data. Then,
the Modified Quasichemical Model parameters of the liquid phase were optimized to reproduce
available activity (Table 7.3) and phase diagram data (Figure 7.4-Figure 7.8, Table 7.4).

Figure 7.2 shows the calculated Gibbs energy of formation of niopside from NiO, SiO, (quartz) and
CaSiO3 (wollastonite) along with the literature data [124, 130]. As discussed above, priority in the
optimization was given to the data of Mukhopadhyay and Jacob [130]. The enthalpy of formation of
CaNiSi,Og from the oxides CaO, NiO and SiO, (quartz) at 713 °C is calculated as -115.9 kJ/mol,
which is in good agreement with -113.4 + 2.1 kJ/mol by Navrotsky and Coons [129]. The subsolidus
phase equilibria by Mukhopadhyay and Jacob [130] shown in Figure 7.3 are also very well
described. The optimized thermodynamic properties of niopside CaNiSi,Og are listed in Table 7.7.

The calculated activities of NiO in the CaO-NiO-SiO; liquid slag at 1435 °C given in Table 7.3
agree well with the values measured by Pretorius and Muan [131]. To describe this series of data
along with the data of Biggar [125] and experimental tie-lines obtained in this study and shown on a
series of isothermal sections in Figure 7.3-Figure 7.6, it was necessary to have a temperature-
dependent parameter for the liquid phase. The calculated temperatures of invariant equilibria
involving niopside given in Table 7.4 and shown in Figure 7.9 are in reasonable agreement with the
data of Pretorius and Muan [124]. The calculated liquidus projection of the CaO-NiO-SiO; phase

diagram is shown in Figure 7.9. The optimized parameters of the liquid phase are listed in Table 7.7.
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Table 7.3: Measured [131] and calculated activities of NiO in the CaO-NiO-SiO, liquid slag at
1435 °C

Mol % | Mol % | Mol % | Measured activity of NiO | Calculated activity of NiO
NiO CaO SiO, [131] (st. state — solid NiO) (st. state — solid NiO)

8.39 32.45 59.16 0.34 0.34

9.98 31.93 58.09 0.39 0.40

8.01 38 53.99 0.37 0.38

8.65 40.2 51.15 0.41 0.44

Table 7.4: Calculated temperatures of invariant equilibria involving niopside compared to the
experimental data of Pretorius and Muan [124]

Number | Invariant equilibria involving niopside Experimental Calculated
in Figure | initial composition: 0.6 CaNiSi,Os + 0.2 temperature, °C | temperature, °C
7.9 CaSiOgs(or NiySiOy) + 0.2 SiO,(or NiO)

1 CaNiSi,04+CaSiOz+SiO,+liquid 1338 1342

2 CaNiSiz0g+Ni,SiO4+SiO,+liquid 1380 1358

3 CaNiSiz0s+Ni,SiO4+NiO+liquid 1375 1359

4 CaNiSi,Og+CaSiOz+NiO+liquid 1348 1349




130

SiO,

1688 22) Si0,(crist)

1639

SiO,(trid)

CaO NiO

(2572) mole fraction {1955)

Figure 7.9: Calculated liquidus projection of the CaO-NiO-SiO, system (temperature in °C), where
CaO’ = monoxide rich in Ca0O, NiO’ = monoxide rich in NiO (other notations are given in Table

7.2). Numbers 1-4 correspond to the phase equilibria given in Table 7.4

7.8.2 CaO-MgO-NiO system

7.8.2.1 Optimization

No literature data for the CaO-MgO-NiO ternary system were found. The properties of liquid slag
and solid monoxide solutions originating from binary subsystems were predicted solely from the
corresponding binary parameters using the symmetric “Kohler-like” technique [28]. No ternary
parameters were introduced. The calculated liquidus projection of the CaO-MgO-NiO system is

shown in Figure 7.10.
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Figure 7.10: Calculated liquidus projection of the CaO-MgO-NiO phase diagram (temperatures in
OC)

7.8.3 CaO-MgO-NiO-SiO, quaternary system

7.8.3.1 Summary of experimental data

The only quaternary solid phase in the system is a complete clino-pyroxene solution between the
CaMgSi,0g and CaNiSi,Og end-members, which was first reported by White et al. [132].

The properties of the clino-pyroxene solution were studied by a limited number of authors [124,
133]. Wright and Navrotsky [133] determined the enthalpy of mixing of 0.5 mol CaMgSi,Og and 0.5
mol CaNiSi,Og at 702 °C as -3.05 + 0.71 kJ/mol by high-temperature solution calorimetry. Pretorius
and Muan [124] measured partial pressures of oxygen for the clino-pyroxene, CaSiOs, silica and
metallic Ni phase assemblage at 1350 °C using CO,/H, gas mixtures. Their results are shown in
Figure 7.12.

The CaMgSi,Og—CaNiSi,Og section of the CaO-MgO-NiO-SiO, phase diagram was investigated as
well [124] (see Figure 7.11). Solidus and liquidus temperatures on this section were obtained by

employing a quenching technique with optical phase determination (see Table 7.5).
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However, the initial data were not given by the authors. In Figure 7.11, phases that are present in
very low quantities are given in brackets. Their formation is caused by slightly non-stoichiometric
compositions of the clino-pyroxene solution. However, it is very difficult to observe the presence of
these phases in the experiment due to their low quantities. In the case the liquid phase was not
observed by Pretorius and Muan [124] in the clino-pyroxene + (L) phase field, the agreement
between the experimental and calculated solidus temperatures is good. The liquidus temperatures are
though higher than the calculated ones, especially on the Mg-side due to unknown reason.

1600 . . . . : : : :
1550 L Pretorius and Muan {1992) |
o Liquidus
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2 -
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Figure 7.11: CaMgSi,Os—CaNiSi,Og section of the CaO-MgO-NiO-SiO, phase diagram:
experimental data [124] and calculated lines (notations are given in Table 7.2)

The percentage substitution of nickel for Mg in akermanite (Ca,MgSi,O;, melilite solution end-
member) and monticellite (CaMgSiQOy, olivine solution end-member) phases was determined as 20

and 57 %, respectively. However, the corresponding temperatures were not provided [124].

Pretorius and Muan [131] investigated the thermodynamic properties of the quaternary slag by
measuring the activity of NiO in the liquid slag while equilibrating molten slag with metallic Ni and
COy/H, mixture at about 1400 °C. Their results are shown in Table 7.6.
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7.8.3.2 Optimization

Model parameters required for the description of the CaO-MgO-NiO-SiO, system were obtained as
follows. First, three parameters of the clino-pyroxene model were optimized (see Section 7.7.2).

Since no cation distribution data for the clino-pyroxene solution are available in the literature,

Kwgni Was set equal to the similar parameter for the proto-pyroxene solution. The model parameters

Acanisnivg » AN Acanivgug Were then optimized to describe thermodynamic data available for the

clino-pyroxene solution.

log;o[ P(O,), atm]

9 } ¢ Pretorius and Muan (1992)
calculated
-10 . . . .
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CaNiSi,O4/(CaMgSi,O4+CaNiSi,Og) in cpx

Figure 7.12: Partial pressures of oxygen for clino-pyroxene (cpx) in equilibrium with CaSiOs, SiO;
and Ni at 1350 °C: experimental data [124] and a calculated line

The calculated partial pressures of oxygen for clino-pyroxene in equilibrium with CaSiOs, SiO, and
Ni at 1350 °C are shown in Figure 7.12, along with the experimental data [124]. The enthalpy of
mixing of 0.5 mol CaMgSi,Og and 0.5 mol CaNiSi,Og at 702 °C is calculated as zero value, a little
bit higher than the value of -3.05 + 0.71 kJ/mol by Wright and Navrotsky [133].

The properties of the liquid phase were predicted solely from the ternary parameters. The extension
of ternary terms to multicomponent systems is described in [28]. The measured [131] and calculated
activities of NiO in the CaO-MgO-NiO-SiO;, liquid slag at 1400 °C are given in Table 7.6. There is
a good agreement between the experimental and calculated results.

The calculated solidus and liquidus for several compositions on the CaMgSi,O—CaNiSi,Og section
of the CaO-MgO-NiO-SiO, phase diagram shown in Figure 7.11 are compared to the experimental
points by Pretorius and Muan [124] in Table 7.5. The data are in agreement within 25 °C.
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Table 7.5: Experimental [124] and calculated solidus and liquidus temperatures for several

compositions on the CaMgSi,Os—CaNiSi,Og section of the CaO-MgO-NiO-SiO; phase diagram

X in CaMgy.xNixSiOs Experimental [124] Calculated
Solidus, °C | Liquidus, °C | Solidus, °C | Liquidus, °C
0.2 1385 1395 1360 1378
0.4 1375 1398 1360 1377
0.6 1370 1400 1358 1396
0.8 1360 1410 1354 1404

A significant substitution of Ni for Mg in CaMgSiO, olivine measured by Pretorius and Muan [124]
was modeled by introducing the G, parameter of the olivine solution and applying the same
parameter to describe a low solubility of Ca in Ni,SiO, olivine. The calculated substitution of Ni for
Mg in monticellite is around 30 % at 1200 °C, 51 % at 1300 °C and 56 % at 1400 °C, compared to
57 % obtained by Pretorius and Muan [124] for an unspecified high temperature. The parameter

K. Was optimized to describe the cation distribution of Ca-Ni olivine, as it was explained before

CaNi
in Section 7.7.1.

A substitution of Ni for Mg in akermanite Ca,MgSi,O; (melilite solution end-member) was modeled
by introducing the G.,,, parameter, as described in Section 7.7.3. The calculated substitution of Ni

for Mg in melilite is around 20 % at 1300 °C. The same percentage was obtained by Pretorius and

Muan [124] at an unspecified high temperature.
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Table 7.6: Measured [131] and calculated activities of NiO in the CaO-MgO-NiO-SiO; liquid slag
at 1400 °C

Mol | Mol | Mol | Mol | Measured activity | Calculated activity of NiO
% % % % of NIiO [131] (st. | (st. state —solid NiO)
NiO | CaO | MgO | SiO; | state —solid NiO)

1.89 | 36.5 | 16.68 | 44.93 0.17 0.15
19 | 40.7 |13.25|44.15 0.17 0.16
1.94 | 39.94 | 13.18 | 44.94 0.17 0.16
3.06 | 19.03 | 20.91 | 57.01 0.17 0.17
3.09 | 17.87 | 22.12 | 56.92 0.17 0.17
491 | 22.83 | 19.76 | 52.5 0.27 0.27
478 | 27.39 | 19.86 | 47.97 0.36 0.30
2.47 | 28.03 | 20.43 | 49.07 0.17 0.16
4.33 | 32.64 | 20.04 | 42.98 0.44 0.32
1.99 | 32.22 | 20.69 | 45.1 0.17 0.15
556 | 26.6 | 14.63 | 53.2 0.30 0.30
3.08 | 26.94 | 14.76 | 55.22 0.17 0.18
5.62 | 23.01 | 15.69 | 55.69 0.29 0.29
493 | 23.34 | 16.19 | 55.54 0.26 0.26
2.35 | 22.08 | 25.07 | 50.5 0.17 0.14
2.75 | 23.59 | 22.13 | 51.53 0.17 0.16
1.3 | 17.98 | 23.55 | 57.17 0.07 0.08
2.95 | 17.05| 23.59 | 56.4 0.16 0.16
1.29 | 19.08 | 23.44 | 56.2 0.07 0.08
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Figure 7.13: Calculated liquidus projection of the CaO-MgO-NiO-SiO; phase diagram at 10 wt.%
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Figure 7.14: Calculated liquidus projection of the CaO-MgO-NiO-SiO; phase diagram at 20 wt.%
NiO (temperatures in °C; notations are given in Table 7.2)
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NiO (temperatures in °C; notations are given in Table 7.2)

The optimized model parameters for the clino-pyroxene and liquid solutions in the CaO-MgO-
NiO-SiO, system are given in Table 7.7.

The liquidus projections of the CaO-MgO-NiO-SiO, phase diagram at constant NiO contents (10,
20 and 40 weight% NiO) predicted from the optimized model parameters are given in Figure 7.13-
Figure 7.15.

7.9 Summary of results

The present study characterizes oxide systems with a view to developing of a thermodynamic
database that can be used for simulation of nickel extraction from ores. The quaternary system CaO-
MgO-NiO-SiO; and its ternary NiO-containing subsystems CaO-NiO-SiO, and CaO-MgO-NiO

have been optimized at a total pressure of 1 atm.

Some discrepancies in the literature data for the CaO-NiO-SiO, system have been demonstrated. To
resolve the conflicts in the literature data, new experimental investigation has been carried out in this
study. The experimental procedure involved equilibration and ultra rapid quenching followed by

electron probe X-ray microanalysis (EPMA) of the quenched samples.
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The liquid oxide (slag) — solid oxide tie-lines were measured on the isothermal sections of the CaO—
NiO-SiO, phase diagram at temperatures from 1330 to 1500 °C. The new experimental data were

compared with the previously published results and discrepancies were clarified.

A simultaneous optimization of all available data in the quaternary CaO-MgO-NiO-SiO, system
and its ternary subsystems CaO-NiO-SiO, and CaO-MgO-NiO has been performed. New
experimental data and previously published experimental results were taken into consideration. The
optimized model parameters for oxide phases reproduce all available data within experimental error
limits. A set of self-consistent Gibbs energy functions of the oxide phases in the chemical systems
was derived.
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Table 7.7 : Optimized model parameters for the slag, olivine and pyroxene phases in the CaO-
MgO-NiO-SiO, system and its subsystems CaO-NiO-SiO, and CaO-MgO-NiO (J-mol™ and
J-mol*. K™

Slag (liquid oxide) CaO-MgO-NiO-SiO,

Zeo =Zyy =2y =1.3774, Zg =2.7549;

Onrsivg = —39748, Oy sy =16736, Oy —58576;

Mg, Ni (Si) —

qﬁ?,lsi(Ca) =—8368, qgg,lsi iy =12552-17.9912T.

The optimized parameters for the CaO-NiO, MgO-NiO and NiO-SiO, binary slags can be found in the previous study by
Prostakova et al. [51]. The parameters for other binary slags can be found in previous optimizations [50, 126, 127]. The
parameters for the ternary CaO-MgO-SiO, slag were optimized by Jung et al. [45], for MgO-NiO-SiO, — by Prostakova
etal. [123].

The symmetric “Kohler-like” extrapolation of binary terms was applied for the CaO-MgO-NiO slag, the asymmetric

“Toop-like” extrapolation was used for the CaO-NiO-SiO, slag, with SiO, as an asymmetric component [28]. The
extension of ternary terms to multicomponent systems is also described in [28].

Olivine (orthosilicate solution) (Ca**, Mg®*, Ni#"M4(Ca®*, Mg®*, Ni*")M!si0,

K =Gy, — Gy =121336,
Gy = G°(CaNiSiO,) = 0.5G°(Ni,SiO,, olivine) + 0.5G° (Ca,Si0, , olivine) — 6903.6;

’ Leaniom = OLCaMg:M =32235.5;
1I-CalNi:M = lLCaMg;M = 42799,

*Lu:cani = - Ly:cavg = 28032.8—-12.5500T, where M = Ca, Mg, Nii.

The model parameters for the Ca-Mg olivine solution were optimized by Jung et al. [45], for Ni-Mg olivine — by
Prostakova et al. [123]. The excess Gibbs energy parameters were set equal to those for the Ca-Mg olivine solution.

Melilite (Ca®")»,(Mg**, Ni*")Si,O;

Gy =G° (Ca,MgSi,0,, aker manite);

Geani =G ° (CaNiSi,Oq, clino-) + G°(Ca0) — 60668;

Akermanite was optimized by Jung et al. [45].
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Table 7.7 (Continued): Optimized model parameters for the slag, olivine and pyroxene phases in the
CaO-MgO-NiO-SiO, system and its subsystems CaO-NiO-SiO, and CaO-MgO-NiO (J-mol™ and
J-mol*-K™)

Clino-pyroxene (Ca**, Mg*", Ni*")M*(Mg?*, Ni*")M!Si,0¢

G =G° (CaNiSi, O, clino-), where

AH %15 = 2802600, S5,,=161.8, AS6:=3.3;

C,(T)=C,(Ni,SiO,(solid) + CaO(solid) + SiO, (quartz)-NiO(solid));

298.15-1000 K:

C,(T)=307.7610-0.0186291T +7.7455x10°T * —8.8725x10°T % ~1404.930T ~*°+12.183x10°T >;
1000-1800 K:

C, (T) = 297.4395+0.0050821T — 4.8709x10 °T2 —9.6358x10° T "2 ~1404.930T "**+12.183x10°T %;
1800-1850 K:

C,(T) = 298.0426 +0.0044049T — 4.6806x10°T2 —9.6384x10° T 2 —1404.930T **+12.183x10°T *;
Kygni = Gnivg — Gigni = —16736;

Acani:nivg = Gcamg + Cnini — Geani — Gning = 0
Acani-vgvg = Geamg + Guigni —~Geani — Guiguy = 41840
" Leavgni = Leavg: g = 25304 +2.358T ;

' I-CalMg:Ni = lI-CalMg:Mg = 30186

The parameters for the Ca-Mg clino-pyroxene solution were optimized by Jung et al. [45]. The excess Gibbs energy
parameters were set equal to those for the Ca-Mg clino-pyroxene solution.
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Table 7.7 (Continued): Optimized model parameters for the slag, olivine and pyroxene phases in the
CaO-MgO-NiO-SiO, system and its subsystems CaO-NiO-SiO, and CaO-MgO-NiO (J-mol™ and
J-mol*. K™

Proto-pyroxene (Ca?*, Mg?*, Ni*"YM4(Mg**, Ni*")M!Si,04

Geani = G°(CaNiSi,O,, proto-) = G°(CaNiSi, O, clino-) +17071.2;
Gngmg and Geamyg is taken from [45]
Gy = G°(Ni,Si,0,)= G °(Ni,SiO,, olivine) + G ° (SiO, , tridymite) +14112.6 - 4.184-T;

Kuani =6 Guoni = —25104;

MgNi NiMg ~— “MgNi —

ACaNi:Nng = GCaMg +Gyini _GCaNi _GNng =0;

0 LCHMQ:Ni = OLCaMg:Mg =25304 + 2.358T.
The enthalpy of transition of CaNiSi,Og from proto- to clino-structure was set equal to that for CaMgSi,Og [45]. The
excess Gibbs energy parameter OLCaMg -ni was set equal to analogical parameter OLCaMg - mg for the Ca-Mg proto-pyroxene

solution [45].

The thermodynamic properties of other solutions and stoichiometric compounds can be found in [51] and [45].

The Gibbs energy of formation of a compound from elements at a temperature of T(K) and a pressure of 1 atm is given

T T Co(T
by G =AH ;5.5 —TSps15 +J.298.15CP(T)dT -T 298.15#dT , where AH 4 ;< is the enthalpy of formation

of the compound at 1 atm and 298.15 K, SZO%15 is the entropy of the compound at 1 atm and 298.15 K, and C,, (T) is
the heat capacity at constant pressure.
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CHAPTER 8 Al-Fe-O THERMODYNAMIC MODELING

Equation Chapter (Next) Section 1A critical evaluation of literature data and optimization of the Al-
Fe—O chemical system in a wide range of temperatures and oxygen partial pressures are reported in
this Chapter. A literature review was carried out for the system and a large variety of the literature data,
including phase equilibrium data, thermodynamic properties (heat capacity, entropy, enthalpy, Gibbs
energy) and cation distribution data, were used in a subsequent thermodynamic modeling. The
Modified Quasichemical Model was used for modeling of the slag phase (liquid oxide phase). The
model based on the Compound Energy Formalism was developed for the spinel solid solution.
Metallic and monoxide solutions were described with a simple Bragg-Williams model. These
physically meaningful models are based on the structure of the corresponding solutions and,

therefore, have good ability to predict the properties of multicomponent systems.

8.1 Background

The Al and Fe elements are major components of laterite ores. The Al-Fe-O system has complex
phase relations, partly due to the presence of both ferrous and ferric oxides at equilibrium, ratio of
which depends on the temperature as well as on the oxygen partial pressure [134]. Metallurgical
industries require reliable predictions of phase equilibria in the Al-Fe—O system in order to improve
the effectiveness of nickel extraction processes, decrease attendant expenses and make the processes
more environmentally friendly. So, it was essential to optimize all available literature data on the
thermodynamics of the Al-Fe-O system in the range of oxygen partial pressures varying from those
of metal saturation to those of pure oxygen and in the range of temperatures — from 25°C to liquidus

temperatures.

All available literature data were reviewed, analyzed and taken into consideration in the
optimization of all oxide phases in the Al-Fe—O system at 1 atm total pressure.

8.2 Phases and thermodynamic models

A list of solution phases and stoichiometric compounds present in the Al-Fe-O system along with
notations used in this Chapter is given in Table 8.1. In oxide phases in the range of oxygen partial
pressures from that of metallic saturation up to 1 atm, iron exists in two oxidation states: Fe** and

I3

Fe**, while aluminum — only as AI**. For the spinel solid solution, cations shown within a set of

parentheses occupy the same sublattice, which is explained in more details in Section 4.6.1. Metallic
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solutions and stoichiometric compounds, AlsFe, and Alg;Fes;, were optimized previously as part of
the FSstel database of FactSage thermochemical software [1]. Model parameters for the liquid and
solid oxide solutions as well as the stoichiometric compound FeAlO3; were optimized in the present
study. They are listed in Table 8.2.

Table 8.1: Solution phases and stoichiometric compounds present in the Al-Fe-O system

Phase name Formula Notation used in this study

Solution phases:

Oxide solutions:

Slag (liquid oxide) Al,O3—-FeO-Fe,03 L or Liquid
Monoxide AlO; 5—FeO-FeO; 5 Mono or Monoxide
Corundum AlO; 5—Fe01 5 Coru or Corundum
Spinel (Fe**, Fe*, AI")"[Fe*", Fe*, AI*", Va]202 *  Spor Spinel

Metallic solutions :

Fcc Al-Fe
Bcc A2 Al-Fe
Bcc B2 Al-Fe
AljsFeq Al-Fe
AlsFe, Al-Fe
Liquid metal Al-Fe-O L metal or Liquid metal
Stoichiometric

compounds:

AlsFe, AlsFe;
AlgiFes; AlgiFes;
FeAlO; FeAlO;

*T = tetrahedral sublattice, O = octahedral sublattice
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8.2.1 Slag (liquid oxide)

The liquid oxide phase is an ionic melt where metal cations are predominantly surrounded by
oxygen anions. In other words, they exhibit almost full first-nearest-neighbour (FNN) short-range
ordering (SRO). Furthermore, there is a strong tendency for second-nearest-neighbour SRO of some
cations in melts. In particular, basic cations such as Mg form strong second-nearest-neighbour
(SNIN) pairs with acidic cations such as Si**. The effects of both FNN and SNN are described by the
Modified Quasichemical Model [7, 8]. Though, in the Al,03-FeO-Fe,03 system, SNN pairs ordering
is not strong, the same model is used in a view of developing of a broader database for calculations
in multicomponent systems. The most significant parameter of the MQM model is the Gibbs energy
of the corresponding pair exchange reaction:

(AI-Al) + (Fe-Fe) = 2(Al-Fe);  Agyr, (8.1),

where (m-n) represents a second-nearest-neighbour pair. Let n. and Z_ be the number of moles and
the coordination number of the component m, respectively. The “coordination-equivalent” fractions

(Y,) are then defined as
Yo=Z.n /> Zin, (8.2)

Ag,., is expanded as a polynomial in the “coordination-equivalent” fractions of the components

Agmn = Agr(r)m + Z quTJmYn:YnJ (83)'

(i+))>1

where Ag’. and g are empirical binary coefficients which may be functions of temperature and
pressure. They were optimized to take into account available thermodynamic and phase equilibrium

data.

The symmetric “Kohler-like” extrapolation [28] of binary terms into the ternary system was used in
order to calculate the Gibbs energy of the ternary liquid. The liquidus data in the Al,O3—FeO-Fe;03

system were described only with binary terms; no ternary terms were introduced.

8.2.2 Spinel

FeAl,O,4, which naturally occurs as a mineral hercynite, is nearly a normal spinel. It has a small
degree of inversion, which is demonstrated in Figure 8.1, which shows that Fe ions prefer tetrahedral
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sites. It was first reported to be a normal cubic spinel by Barth and Posnjak [135]. The experimental
details for the data shown in Figure 8.1 are given in Section 8.3.1.3. The calculated line corresponds

to equilibrium cation distribution.

1
Romeijn (1953), XRD, slowly cooled
09 | ¢ Roth(1964), neutron diffraction, slowly cooled
! Rossiter (1965), Mossbauer
08 | X Yagnik and Mathur (1968), Mossbauer, slowly cooled
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Figure 8.1: Cation distribution in stoichiometric FeAl,Q,: literature data [136-150] and a calculated
line

The stoichiometric hercynite FeAl,O4 and magnetite Fe3O4, both with the cubic spinel structure, are
completely soluble in each other at temperatures above 860 °C [151]. The cation distribution of
Fe?*, Fe**and AI** in the FeAl,04~Fe30, spinel solution is demonstrated in Figure 8.2, (a)-(c).
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Figure 8.2: Cation distribution in FeAl,O,—Fe30, solid solution: literature data [147, 152] and
calculated lines

The model for the Al-Fe spinel was developed within the framework of the Compound Energy
Formalism (CEF):

(Fe*", Fe*, AIP")T[Fe*", Fe*", AP**, Va]o0% (8.4)

The formation of neutral vacancies on the octahedral sublattice describes the non-stoichiometry of
the Al-Fe spinel towards excess oxygen.

1
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The Gibbs energy expression and model parameters for a general spinel solution are explained in
detail by Decterov et al. [41]. In brief, the Gibbs-energy expression in the CEF per formula unit is

the following:

G, =22 Y.'Y]G,; ~TS, +AG" (8.5)
i

where YiT and on represent the site fractions of the constituents i and j on the tetrahedral (T) and

octahedral (O) sublattices, respectively, G.. is the Gibbs energy of a pseudo-component (i)[j]20a,

ij
AG*® is the excess Gibbs energy and S, is the configurational entropy assuming random mixing on

each sublattice,

S, =—-RCO_Y,TInY,T+2> Y InY?) (8.6)
i i
AG™ = ZZ;YJYJTY;’ Ly +ZZZKZYKTYi°Yj° L (8.7).
ioj>i i j>i

where L;, and L,; are the interaction energies between cations i and j on the one sublattice when
the other sublattice is occupied by k.
The model parameters, which were applied for the Fe;0,—~FeAl,O4 spinel solution, are given below:

1 1

Fe'2Fe™ 7 G Fe'2Fef’0, 7 G[Fe“Fe;?o e (8.8)
IFe"zFe+3 = G[Fe"g’FefO‘l]"1 + G[Fe"g’FeZZO‘,]'1 -2G Fe*?Fe;20, (89)
AFe"ZFe”3 = G[l:ez+2Fe§204]‘2 + G[Fe"3Fe§304]”1 - G[Fe+3Fe§204]'1 - GFe*'ZFefO4 (810)
V ,=G - > G (8.11)
Fe® — [Fe**Va,0,]" 7 [Fe*3Fes20, T '
A|=e*3|:e*ZVa = G[Fe+2Fe§204]'2 + G[Fe*3VaZO4]‘5 - G[Fe*3Fe§204]'1 - G[Fe*ZVaZOA]‘B (8.12)
1
Fe?AI 7 Fe?AiO, (8.13)
I Fe*2Al™ :G[A|*3A|;304]*1 -'_G[Al*%;zo4 s -2G Fe*?Al%0, (8' 14)
AFe*ZAl*3 = G[Fe+2Fe§204]'2 + G[A|*3A|;3o4]+1 - G'[Al*3Fegzo4]'1 -G Fe"2Al3%0, (8'15)
AFe*3A|*3 = G[Fe+3Fe§3O4]+1 + G[A|+3A|§3041*1 - G[AI+3Fe§304]+1 - G[Fe*3AI§304]+1 (8'16)
AFe+2Fe+3AI+3 = G[Fe+3Fe§304]” + G[Fe*2A|§304] - G[Fe*ZFe;304] - G[Fe+3AI§’304]+1 (8.17)
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F parameters in Equations (8.8) and (8.13) are 1/7 parts of the Gibbs energy of hypothetical normal
spinels FeAl,O, and Fe3Oy4; | parameters in Equations (8.9) and (8.14) describe the degree of
inversion of these spinels; A parameters in Equations (8.10), (8.15) and (8.16) take into account the
thermodynamic properties of real simple spinels FeAl,O, and Fe;O4. The formation of vacancies is
described by introducing the parameters V and A in Equations (8.11) and (8.12). A parameter in
Equation (8.17) is used to reproduce the thermodynamic properties of a solution between Fe;O4 and
FeAl,O,4. The Gibbs energies of the end members, which take part in CEF equation (8.5), can be
derived from the model parameters. Model parameters are used to calculate the fractions of end-

members using the Gibbs energy minimization procedure built in the FactSage software [1].

FesO, (magnetite) and FeAl,O, (hercynite) undergo magnetic transitions: magnetite — a
ferromagnetic ordering at around 850 K [153] and hercynite — an antiferromagnetic ordering at
around 8 K [137]. This has an impact on the thermodynamic properties of the spinel. The
phenomenological approach proposed by Hillert and Jarl [44] was used to describe the magnetic

contribution to thermodynamic functions. The formulae are given in reference [41]. The main

parameters are: T. — the critical temperature for magnetic ordering (Curie or Néel temperature), g —

the average magnetic moment per atom and p - the structural constant. The linear change of T. and

3 between the Fe;0,4 and FeAl,O4 was applied in this study, as it was suggested in [41].

8.2.3 Monoxide — A|01_5—FeO—FeOl_5

Wastite FexO has a range of non-stoichiometry towards oxygen and a partial solubility for a-Al,Os.
The Bragg-Williams random mixing model (FeO, FeO;s, AlO;5) was used, with the following

Gibbs energy expression:

_ 0 0 0
G= (X FeOGFeO +X FeOl_SGFeOI_S + XAIOLS GA|01‘5 )

(8.18)
FRT (X o IN X + X, IN X, + X o, 1N X gy, ) + AG™

The excess Gibbs energy AG®™ is a polynomial with Toop-like extension of binary terms into

multicomponent systems, with FeO as an asymmetric component [28].
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8.2.4 Corundum - A|01_5—F801_5
a-Fe;03 and a-Al,03, both end-members of corundum solution, are partially soluble in each other.

The model used for the corundum solution was the same as for the monoxide solution, but without

the FeO component.

8.2.5 Metallic solutions and stoichiometric compounds

The Al-Fe metallic solutions and stoichiometric compounds AlsFe; and Alg;Fes; were optimized
previously within the scope of the FSstel database of FactSage software [1]. The optimized

parameters were applied in this study. The Al-Fe phase diagram is shown in Figure 8.3.
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Figure 8.3: Al-Fe phase diagram (see Table 8.1 for notations)

8.3 Literature review of experimental data

Literature surveys for the Al-Fe-O system were reported recently by Team and Martienssen [134]
and Raghavan [154]. The isothermal section of the Al-Fe-O phase diagram at 1000 °C is
demonstrated in Figure 8.4. The Al-Fe-O system consists of the following solution phases: spinel
FeAl;O,~Fe304, monoxide FexO—(AlO1s-FeOys), corundum AlO.s—FeO;15, Al-Fe alloys,
stoichiometric compounds AlsFe;, AlgiFes; and non-stoichiometric FeAlOs. Liquid phases, metal
and slag, form at higher temperatures. Magnetite Fe;O, forms a continuous solid spinel solution
with hercynite FeAl,O,, at temperatures above 860 °C [151]. Monoxide is a wistite Fe,O-based
solution with limited solubility of a-Fe,O3 and a-Al,O3. Hematite a-Fe,O3 and corundum a-Al,O3

are partially soluble in each other.
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Figure 8.4: Isothermal section of the Al-Fe-O phase diagram in air at 1000 °C and P = 1 atm:
literature data [155] and calculated lines. Dashed lines are calculated tie-lines (see Table 8.1 for

notations)

8.3.1 FeAl,O,

The thermodynamics of FeAl,O, was intensively investigated: the experimental data include the
cation distribution [136-150, 152], heat capacity [156, 157] and Gibbs energy measurements [158-
165].
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8.3.1.1 Heat capacity and entropy
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Figure 8.5: Heat capacity of FeAl,O4 spinel: literature data [156, 157] and calculated lines

The heat capacity of FeAl,O, (see Figure 8.5) was measured by means of calorimetry by King [156]
— from 53 to 298.15 K (-219 to 25 °C) and by Klemme and Miltenburg [157] — from 3 to 400 K (-

270 to 127 °C). From their data, the standard entropy at 298 K S, ;. was calculated as 106.3 + 0.8

and 113.9 + 0.2 J'mol™™ K™%, respectively. Klemme and Miltenburg [157] observed a small lambda-
shaped anomaly peak on the heat capacity curve at around 13 K (-260 °C), which gave a
contribution to the calculated entropy. This was not considered in the earlier study of King [156].
According to Klemme and Miltenburg [157], this transition was previously observed in early
magnetic susceptibility measurements by Roth [137] and is probably due to a paramagnetic to

antiferromagnetic transition [137, 166].

8.3.1.2 Stability of hercynite

The stability of hercynite was investigated by two different methods in the temperature range 800-
1700 °C. The EMF technique was used to measure the oxygen chemical potential over the mixture
FeAl,O4 + a-Al,O3 + Fe [161, 162, 164]. The method of heterogeneous equilibria was employed to
measure partial pressures of oxygen for the FeAl,O, + a-Al,O3; + Fe assemblage using H,/H,O or
CO/CO;, gas mixtures [158-160, 163, 165]. Both data series are shown in Figure 8.6. Both methods

are useful to estimate the Gibbs energy of formation of hercynite FeAl,O, from the oxides.
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Figure 8.6: Partial pressures of oxygen for the FeAl,O4 + a-Al,O3 + Fe(s,l) assemblage: literature
data [158-165] and a calculated line

8.3.1.3 Cation distribution

The cation distribution data for the stoichiometric FeAl,O,4 spinel are shown in Figure 8.1. The
samples were either slowly cooled, or quenched, or measured in-situ, which is pointed out in the
figure; no information was given for some experimental points. The cation arrangement was studied
using several different techniques: Mdssbauer spectroscopy [138, 144], neutron diffraction [137,
150], X-ray diffraction [136, 140, 141, 143, 145], Mossbauer spectroscopy and X-ray diffraction
[139, 146, 149], Mdssbauer spectroscopy and optical absorption [142], thermopower and electrical
conductivity measurements [147, 148].

Additionally, the cation distribution in the Fe3O4-FeAl,O, solid spinel solutions was determined by
Nell et al. [147] using in situ thermopower and electrical conductivity measurements at 1000 °C and
by Dehe et al. [167] using Mdssbauer spectroscopy for samples cooled from 1350 °C. Cation
distribution data for the Fe;04-FeAl,O4 solid spinel solutions are shown in Figure 8.2 (a)-(c).

As can be seen from Figure 8.1, published high-temperature cation distribution data in FeAl,O, are
scattered. The origin of contradictions was suggested by Harrison et al. [150]: 1) possible re-
distribution of cations while quenching from high temperatures 2) possible deviation from ideal

stoichiometry 3) poor resolution of Mdossbauer spectra. The most recent and comprehensive
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investigations by Larsson et al. [149] and Harisson et al. [150] show the degree of inversion
increases smoothly with increasing temperature, which is in agreement with the general theory of

randomization of cation distribution with increasing temperature.
8.3.2 FeAlO; phase

8.3.2.1 Heat capacity, entropy, enthalpy, Gibbs energy

The only ternary non-stoichiometric compound, stable between 1318 and about 1500 °C, depending
on the oxygen pressure, was reported in the Al-Fe-O system [168, 169]. The thermodynamic
properties of FeAlO; phase were determined by Majzlan et al. [170]: heat capacity shown in Figure
8.7 was measured between 298 and 1550 K using differential scanning calorimetric measurements.
No detectable anomaly between 240 and 1550 K was found on the heat capacity curve. The enthalpy
of formation of FeAIO; from the oxides, hematite and corundum, at 298 K was given as 27.9 + 1.8
kJ/mol, obtained by means of high-temperature oxide-melt calorimetry. In addition, Majzlan et al.

[170] estimated the standard entropy of FeAlO3 as 98.9 J/mol K as the sum of various contributions.
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Figure 8.7: Heat capacity of FeAlIO; phase: literature data of Majzlan et al. [170] and calculated

lines (black — %2 sum of oxides, blue — current database)
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8.3.3 Hematite-corundum solid solution

8.3.3.1 Enthalpy

Several studies indicated restricted mutual solubility between hematite and corundum [155, 168,
171-177]. The enthalpy of mixing in the hematite — corundum solid solution was investigated by
Majzlan et al. [170] at 702 and 802 °C by means of high-temperature oxide-melt drop calorimetry.
The samples for measurements at 802 °C were prepared by mixing ferric and aluminium nitrate
nonanhydrate, annealing at high temperature (1350 °C for hematite-rich samples and 1400 °C for
corundume-rich samples) for 2 days and quenching into water. They are referred as high-temperature
samples. Enthalpy of mixing for these samples was given only for 25 °C and is shown in Figure 8.8.
Another set of Al-hematite samples referred as low-temperature samples was prepared by thermal
decomposition of Al-goethite at 702 °C overnight. Enthalpy of mixing for these samples was given
for both 25 °C and 702 °C and is shown in Figure 8.8.

35
— ¢ Majzlan et al. (2002), 25 °C, high-T samples
g 30 | ® Majzlan et al. (2002), 25 °C, low-T samples
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Figure 8.8: Enthalpy of mixing of hematite-corundum solid solution at 25 °C and 702 °C: literature

data of Majzlan et al. [170] for differently prepared samples and calculated lines

8.3.4 Phase diagram data

Below 860 °C, a miscibility gap occurs between FeAl,O4 and FezO,, as reported by Turnock and
Eugster [151]. They used a buffered hydrothermal technique to equilibrate samples of magnetite-
hercynite compositions between 500 and 860 + 15 °C (see Figure 8.9). A buffer controlled oxygen
partial pressures in the range 10™-10?® atm. The compositions of phases were determined by XRD

analysis using calibration curves. Their data for measured spinel compositions from both sides of the
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miscibility gap are shown in Figure 8.9. Later, Cremer [178] confirmed the formation of the
miscibility gap by means of microscopy and X-ray diffraction, using Vegard’s law to obtain phase
compositions. He performed the experiments by mixing FeAl,O, and Fe3O,4 in quartz ampoules.
However, partial pressures of oxygen were not specified. A miscibility gap suggested by this author
is shown in Figure 8.9. As can be seen from the figure, both authors observed spinel at lower
temperatures, where, according to calculations, it is metastable at oxygen partial pressure of 10™*
atm and stable at monoxide saturation, which corresponds to even lower P(O,). In fact, the
calculated spinel miscibility gap for P(O,) = 10™* and for monoxide saturation almost coincide, the
form of the curve remains the same, but spinel + corundum phase field goes to higher temperatures
at higher P(O,).

The temperature for decomposition of the spinel phase was also measured as 811 °C by Lykasov
and Kimyashev [179] by considering the kinks in the EMF curves, which will be discussed later in

this section.
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Figure 8.9: Fe304,—FeAl,O, section: experimental data [151, 178] indicating spinel miscibility gap at
P(O,) = 10™-10% atm and unspecified partial pressures of oxygen, respectively, and calculated
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lines (see Table 8.1 for notations): black solid line — partial pressure of oxygen of 10 atm, red

solid line — monoxide saturation.

The non-stoichiometry of the spinel solid solution (Fei.yAly)ss04 Was investigated by Horn and
Zacharias [180] at 1400 °C using the thermo-gravimetric measurement at partial pressures of oxygen

in logarithmic scale varying from -0.7 to -2.9 and is shown in Figure 8.10.

Fe,O,

Hom and Zacharias {1989)

log,,[P(0,), atm]-0.73
log,,[P{0,}, atm]=-1.2

log, [P{0.}, atm J=-1.87
lvgy PO}, afm =228
log, o [P{0.), atm J=-2.88

Fe o 09 08 o7 06 05 ) 04 03 02 01 FeAI o
3™ mole fraction 2™4

Figure 8.10: Non-stoichiometry of spinel at various oxygen partial pressures at 1400 °C:
experimental isobars [180], solid lines — calculated diagram at 1 atm total pressure, dashed lines —

calculated isobars (see Table 8.1 for notations)

The FeAl,0,—Fe30, section was further investigated by Lykasov and Kimyashev [179], who studied
the equilibrium between the Fe;0,—FeAl,O,4 spinel and wistite solutions by the EMF method in the
temperature range between 850 and 1000 °C. The EMF was measured for the following cell:
Pt,Fe,FeO|ZrO,+Y,03|Fe;-Al.Oy, where y = 1.33 and ¢ = 0.1-0.6. The critical temperature for
decomposition of the spinel phase was found to be around 811 °C in their study by considering the
kinks in the EMF curves. The results of their study are shown in Figure 8.11. In this figure, the data

for the Fe—O system [181] are also given for comparison.
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compositions of the spinel phase: literature data of Lykasov and Kimyashev [179] and Valleh and
Raccah [181] and calculated lines

The properties of the FeAl,O,—Fe;04 spinel solution were further investigated by Petric et al. [182]
at 1300 °C by employing gas equilibration technique. The spinel samples from pure Fe;O,4 to mole
fraction x(FeAl,O,4) = 0.9 were equilibrated with Pt foils under controlled CO + CO, gas streams.
The equilibrium iron mole fraction in the foil was measured in the range 0.2-0.4 by chemical
analysis. The activity-composition relation for iron in the foil was derived from the runs with pure
Fe;O,4 by varying oxygen partial pressures. The results of Petric et al. [182] are recalculated to
activity of FesO,4 in the spinel solution and are shown in Figure 8.12. The agreement with
calculation is reasonably good.
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Figure 8.12: Activity of Fe3O, in the FeAl,O,—Fe;0,4 solution versus its compositions at 1300 °C:

the experimental data of Petric et al. [182] and a calculated line

The FeO-Al,0O3 section at metallic saturation shown in Figure 8.13 was intensively studied [151,
155, 183-190]. The solidus and liquidus on this section were investigated by Fischer and Hoffmann
[183] using thermal, microscopic and XRD analysis by the kinks on the lattice parameter-
composition curve. They reported a solubility limit of alumina in wistite of 2 mol % Al,O3 at 1332
°C and of wistite in alumina as 90.5 mol % Al,03 at 1753 °C and 98 mol % Al,O; at 1500 °C. The
composition of spinel in equilibrium with alumina at 1753 °C was reported as 55.6 mol % Al,Os.
Their results indicated that only at temperatures >1600 °C FeAl,0,4 can deviate from stoichiometry,
dissolving some Al,O3. They also measured two eutectic points: between wiistite and hercynite at
about 5% wt.% (3.6 mol %) Al,O3; at 1332 °C and between the spinel and alumina at 65% wt.%
(56.7 mol %) Al,O3 and 1753 °C. The spinel phase was reported to melt congruently at about 1783
°C.
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Figure 8.13: Al,O3—FeO section at metallic saturation: experimental data [151, 155, 183-190] and

calculated lines (see Table 8.1 for notations)

Turnock and Eugster [151] also investigated the Al,Os—FeO section at metallic saturation by XRD

analysis with calibration curves. They found the Al content of wistite to be less than 1 wt.% at 1330

°C. In addition, they investigated oxygen partial pressures and compositions for the univariant

assemblages in the Al-Fe-O system: 1) hematite + corundum + magnetite 2) corundum + magnetite

+ hercynite 3) hercynite + wstite + metal. The oxygen partial pressures corresponding to a number
of three-phase equilibria along with the literature data [151, 158-165, 169, 187] are given as a

function of temperature in Figure 8.14.



||09 10[P(Ioz),atm]
5

20

-25 —t

o} A<—Coru+Sp+

FeAlO,
«— Hem + Sp +

6 8
10000/T, K

10

160

Alloy + Wist + Sp

+ Turnock and Eugster (1962)

O Elrefaie and Smeltzer (1983)
Hem + Coru + Sp

A Elrefaie and Smeltzer (1983)

¢ Turnock and Eugster (1962)
Hem + Sp + FeAlO3

A Muan (1958)
Coru + Sp + FeAlO3
Muan (1958)
Alloy + Sp + Coru

@ Elrefaie and Smeltzer (1983)

O Lebedev (1962)

+ Novokhatskii and Lenev (1963)

O Rezukhina et al. (1963)

X Pillay et al. (1960)

¢ Lenev et al. (1972)

¢ Chan et al. (1973)

= Cirilli (1946)

X Zabeivorota et al. (1980), V-ref.el.

A Zabeivorota et al. (1980), Mo-ref.el.

14

Figure 8.14: Partial pressures of oxygen as a function of temperature over phase triangles in the Al-
Fe-O system: literature data [151, 158-165, 169, 187] and calculated lines (see Table 8.1 for

notations)

Elrefaie and Smeltzer [187] investigated the Al,O3—FeO section at metallic saturation by XRD and

EPMA. They also measured equilibrium oxygen pressures of the univariant ternary assemblages

hematite + spinel + alumina, alloy + wustite + spinel, and alloy + spinel + alumina in the range of

temperatures between 850 and 1150 °C by employing the EMF method.

Atlas and Sumida [155] found small solubility of widstite and alumina in each other using

equilibration, quenching, XRD and chemical analysis. In addition, they studied subsolidus phase
equilibria in the Al-Fe-O system at 1000, 1250, and 1350 °C. Their results are shown in Figure 8.4,
Figure 8.13, Figure 8.15 and Figure 8.16.



161

Atlas and Sumida (1958)

< Spinel
+ Sp + Coru + Coru
¢ Sp + Coru
O Fe + Wustite + Spinel
A Fe + Spinel

Metal + Coru
8 Spinel + Wustite
A Metal + Sp + Coru

AI 09 08 0,7 . 06 05 o4 03 02 01 F e
mole fraction
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Figure 8.16: Isothermal section of the Al-Fe—-O phase diagram at 1350 °C: experimental data [155]
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Novokhatskii et al. [184] investigated the FeO-Al,O3 section at metallic saturation by X-ray
diffraction and Vegards’ law for phase composition determination and microscopic analysis. It was
reported that FeAl,O4 melts congruently at 1820 £ 15 °C; a eutectic reaction occurs at 4 mol % (5.6
wt.%) Al,O3 and 1310 + 10 °C, which yields FeO dissolving 2 mol% (2.8 wt.%) of Al,O3; and
FeAl,O,4. Another eutectic reaction between FeAl,O4 and Al,O3; was reported to be at 1750 + 15 °C
and at 56 mol % (64.4 wt.%) Al,O3. The negligible miscibility between FeAl,O4 and Al,O3 in the
solid phase was found. This result is in agreement with the data of Atlas and Sumida [155] and
Elrefaie and Smeltzer [187], who also reported a small solubility of Al,O; in FeAl,O, at
temperatures below 1400 °C.

Vorob'ev et al. [186] measured the solubility limit of Al,O3 in wistite at 1000 °C as 1.4-1.5 mol%
by equilibration, quenching and XRD technique by the kinks on the lattice parameter vs.

composition curves.

Further, the Al,O3—FeO section was measured in the liquidus region by Oelsen and Heynert [190]
by thermal analysis, who reported an eutectic temperature of 1327 °C and a peritectic decomposition
of spinel at 1753 °C. Galakhov [185] investigated the FeAl,0,~Al,O3 region of the section by
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equilibration in an argon atmosphere, quenching and microscopic analysis. The congruent melting
point of FeAl,O4 was reported as 1800 °C and the eutectic point between hercynite and corundum —
as 64 wt.% Al,0O3 and 1750 °C. Later, Rosenbach and Schmitz [188], using equilibration, quenching
and chemical analysis, and Schurmann and Bannenberg [189] reported liquidus temperatures on the
same section. Schurmann and Bannenberg [189] did not explicitly reported the experimental method

applied in their study.

Roiter [191] investigated the boundaries of the spinel region as a function of oxygen partial
pressures ranging from 4-107 to 7-10™° atm obtained by mixing CO and CO, at 1500 °C by XRD
and lattice parameter measurements. Meyers et al. [192] performed similar investigation at 1280,
1370, and 1500 °C. Both studies showed that as aluminum is added to magnetite, the phase field
shifts to lower oxygen pressures and is narrowed, as shown in Figure 8.17-Figure 8.19. The low

P(Oy) limit corresponds to the compound hercynite.

0 T T T T T T T T
I Coru#1 + Coru#2 Coru
Coru
2 F =
-4 I [ | —
§ = Meyers et al. (1980)
- B . i
o | Spinel
o . Spinel + Corundum - P
EF .
-10 = Spinel + Monoxide b
Az b Fcc + Spinel .
Fcc + Corundum
-14 L 1 L 1 . 1 L 1 L
0 02 0.4 06 08 1

Fe/(IFe+Al) mole fraction

Figure 8.17: P(O,)-x phase diagram at 1280 °C (see Table 8.1 for notations)
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The Al,O3-Fe,O3 pseudo-binary section in air shown in Figure 8.20 was intensively investigated in
the literature [151, 155, 168, 169, 171-177]. This section below 1000°C was studied by Turnock and
Eugster [151] by XRD analysis in combination with calibration curves.

The Al,O3—Fe,03 sections in air and at partial pressure of oxygen of 1 atm were investigated by
Muan and Gee [168] in the temperature range between 1085 and 1725° C by employing
equilibration and quenching. Microscopy and XRD analysis were used for phase identification.
XRD in combination with lattice parameter measurements and comparison with standards of known
compositions and chemical analysis were used to determine phase compositions. They found the
FeAlO; phase to be stable between 1318 and 1410 °C in air and up to 1490 °C in oxygen, where it
decomposes to spinel and corundum solid solution. The FeAlOs; phase was reported as non-
stoichiometric toward both Fe,O3; and Al,O3. Below 1318 °C, however, equilibrium relationships
were uncertain in their study because of the sluggishness of the reactions. Fe,Os; dissolved a
maximum of about 14 wt.% Al,O3 (20.3 mol %), and Al,O3 dissolved up to about 19 wt.% Fe,O3
(13.0 mol %). The liquid phase and corundum reacted peritectically at ~ 1700°C to yield spinel. The
increase in O, pressure from that of air to 1 atm had only a minor effect on liquidus temperatures.

Atlas and Sumida [155] confirmed the result of Muan and Gee [168], showing that the FeAlO;
phase is not stable below 1320 °C by applying the XRD analysis by constructing lattice constant-
composition curves and chemical analysis. Later, Willshee and White [171] investigated the Al,O3—
Fe,O3 section in air up to 1750 °C by means of a thermobalance following weight changes at

equilibrium with temperature.
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Earlier, Richards and White [172] investigated the solid solubility limits of hematite and corundum
in each other in air by microscopic analysis and XRD. It was also reported that at higher
temperatures, Fe,O3 solid solutions dissociate with the release of oxygen and the formation of a
spinel phase. The dissociation temperature in air was about 1385 °C. Solubilities of alumina and
hematite in each other were further studied by Atlas and Sumida [155], who found that Fe,O3
dissolves up to 31 mol % (22 wt.%) of Al,O3 and Al,O3 dissolves up to 8 mol % (12.5 wt.%) of
Fe,Os, by Bojarski and Isakow [173], who determined the solubility of Al,O3 in Fe,O3 varying from
5.6 mol % (3.6 wt.%) at 900 °C to 14 mol % (9.4 wt.%) at 1300 °C, by Feenstra et al. [174] who
used electron microprobe and XRD analysis in the temperature range 800-1300 °C and by Escribano
et al. [175] at 900 and 1100 °C by XRD.
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Recently, Hansson et al. [176] and Rhamdhani et al. [177] investigated the same section by
equilibration, quenching and electron probe microanalysis. Hansson et al. [176] measured the
extents of solid solutions in the corundum, hematite, spinel and FeAlIOs. The limiting compositions
of FeAlO; phase were found to be slightly non-stoichiometric. The results of Hansson et al. [176]
and Rhamdhani et al. [177] indicate a larger solubility of Al,O3 in hematite and FeAlO3 phase than
found by Muan and Gee [168]. Moreover, Rhamdhani et al. [177] observed the FeAlO; phase at the
lower temperature of 1300 °C in the composition range between 54.6 and 56.5 mol% of Al.

Equilibria between the liquid FexO—-Al,O3 slags contained in solid iron crucibles and H,-H,O gas

mixtures were measured at 1400 °C by Ban-Ya et al. [193]. Their results are shown in Figure 8.22.
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Figure 8.22: Equilibrium pressures of oxygen over Fe,O-Al,O3 slag-metal tie-lines at 1400 °C

8.4 Optimization

The parameters of the models described in Section 8.2 were obtained in the following order. First,
the model parameters for corundum (see Figure 8.4, Figure 8.13-Figure 8.21), monoxide (see Figure
8.4, Figure 8.11, Figure 8.13-Figure 8.15, Figure 8.17) and spinel solutions (see Figure 8.1-Figure
8.2, Figure 8.4-Figure 8.6, Figure 8.9-Figure 8.21) were optimized to describe available
thermodynamic properties and sub-solidus phase equilibrium data. Afterwards, the parameters of the
slag phase were optimized using available liquid-state equilibrium data (see Figure 8.13, Figure
8.20-Figure 8.22).
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8.4.1 Spinel

The scheme of optimization of the spinel solution applied in this study was the following. First, the
thermodynamic properties of the stoichiometric spinel FeAl,O, were fixed. Then, all remaining

parameters for the FeAl,0,—Fe30, spinel solution were optimized.

The thermodynamic functions of the stoichiometric iron aluminate FeAl,O, were calculated with
consideration of 3 contributions: lattice (mainly vibrational), magnetic and configurational. A
magnetic contribution takes into account the magnetic ordering at around 8 K [137] on the
thermodynamic functions of hercynite. It was calculated, as explained in Section 8.2.2. A
configurational contribution to the entropy function may be calculated using Equation (8.6). A
configurational contribution to the heat capacity function originates from heat of changes of the
cation distribution between tetrahedral and octahedral sublattices in FeAl,O4 with temperature (see
Figure 8.1).

A solid line in Figure 8.5 shows the optimized heat capacity Cp of stoichiometric FeAl,O,4. As a first
approximation, it was generally assumed that the lattice and magnetic contributions to Cp are
independent of the cation distribution of a spinel end-member. As can be seen from Figure 8.5, the
experiments on the heat capacity of FeAl,O, were made at temperatures up to 200 °C, where the
cation distribution was frozen. As a result, a configurational contribution to Cp was not present in

these measurements. The sum of lattice and magnetic contributions of the heat capacity of the

hypothetical normal spinel (Fe**)"[AI*];0% was optimized to fit the heat capacity data [156, 157].

The calculated heat capacity of the (Fe*")"[AI*'];0% end-member is shown in Figure 8.5 by the

dashed line. The heat effect of changes in the cation distribution and thus the configurational part of
the Cp came from the optimization of all phase equilibria at high temperatures involving the spinel
phase. The heat capacity of FeAl,O, shown by solid line in Figure 8.5 was calculated at all

temperatures taking into account the hypothetical equilibrium cation distribution.

The entropy of FeAl,O, is well constrained by the oxygen partial pressure data shown in Figure 8.6
and the experimental high-temperature phase equilibria. The entropy of FeAl,O, at 900 °C obtained
by the optimization of these high-temperature data is 329.3 J-mol™K™, which is in agreement within
4% with the value of 344.9 J-mol™K™ calculated by the integration of the Cp shown by the solid line
in Figure 8.5 from -273.15 to 900 °C.
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The measured enthalpy of formation of spinel should depend upon the cation distribution between
the sublattices in the studied samples. The enthalpy of FeAl,O, was optimized to take into
consideration the Gibbs energy data in studies [158-165]. Since the cation distribution of samples in
these studies is not known and most of the data were obtained at temperatures higher than 900 °C, it

was assumed to be close to equilibrium.

The parameter | was optimized to describe the cation distribution data [136-150, 152] in Figure 8.1
and Figure 8.2. The calculated lines are believed to be in accordance with the experimental data

within experimental error limits.

The remaining parameters, A_. ., A and A_ and interaction energies M

Fe+3AI3+ e+2Fe+3A|3+ A|+3:Fe+3A|+3 1

M 2, and M .- were optimized to describe the phase equilibrium data involving the

Fe*2:Fe™Al Fe*3:Fe™Al
spinel solution (see Figure 8.4, Figure 8.9-Figure 8.21). From available phase diagram data, the
experimental data obtained earlier by Hansson et al. [176] and Rhamdhani et al. [177] were
considered to be more accurate, which is achieved by applying carefully planned equilibration

procedures followed by electron probe X-ray microanalysis.

The optimized model parameters for the spinel phase are given in Table 8.2.

8.4.2 Monoxide, corundum

The parameters of the monoxide phase were optimized to describe the data for phase equilibria
involving monoxide (see Figure 8.4, Figure 8.11, Figure 8.13-Figure 8.15, Figure 8.17). Model
parameters for corundum are defined by the enthalpy data of Majzlan et al. [170] (see Figure 8.8)
and phase equilibria involving corundum from the literature (see Figure 8.4, Figure 8.13-Figure
8.21). However, there was a disagreement. The large positive enthalpy of mixing of the corundum
solution at 25 and 702 °C suggested by Majzlan et al. [170] resulted in a wider miscibility gap
between Fe,O3 and Al,O3 than reported by Turnock and Eugster [151] and the most recent data of
Rhamdhani et al. [177] and Hansson et al. [176], both of which indicate higher solubility of
hematite-based and alumina-based corundum solutions in each other. Majzlan et al. [170] suggested
that the excess entropy of mixing in corundum may increase the mutual solubility of corundum-
based solutions in each other, while the enthalpy of mixing remains large. Our calculations showed
that the excess entropy required to describe the experimental miscibility gap in corundum would
have resulted in higher stability of corundum at higher temperatures and unreasonably round shape

of the miscibility gap. The only way to describe all experimental data on corundum was to make the
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enthalpy of mixing less positive. So, the current optimization is a compromise between the enthalpy

data and phase diagram data.

The optimized parameters of the monoxide and corundum solutions are given in Table 8.2. The

calculated lines are believed to be in agreement with literature data within experimental error limits.

8.4.3 Liquid

The parameters of the Modified Quasichemical Model were optimized to describe the phase
equilibrium data (see Figure 8.13, Figure 8.20-Figure 8.22) and are given in Table 8.2. The

calculated lines are in good agreement with the experimental results.

8.4.4 FeAlO; phase

FeAlO3 is a complex phase with the orthorhombic structure (Pna2;), four distinct cation sublattices
and non-stoichiometry towards excess Al,O3; and Fe,O3. However, there is little knowledge on its
thermodynamic properties and cation distribution. Majzlan et al. [170] measured the heat capacity
and enthalpy of formation from oxides, estimated the entropy, but could not resolve the cation
distribution. Due to uncertainties in the structural and non-stoichiometry data, FeAlO; was modeled

as a stoichiometric compound.

The FeAlO3 phase is stable in a very narrow range in air, as reported by Muan and Gee [168], Atlas
and Sumida [155], Feenstra et al. [174], Hansson et al. [176] and Rhamdhani et al. [177]. These
authors agreed that in air this phase is stable between 1300 = 20 and 1410 + 20 °C. Given this
temperature interval and fixed properties of spinel and corundum, the thermodynamic properties of
FeAlO; are very well constrained. In fact, if the heat capacity is defined, the entropy and enthalpy of

formation are fixed.

The heat capacity measured by Majzlan et al. [170] is much higher than that of the sum of oxides.
With the heat capacity suggested by Majzlan et al. [170], FeAlO; appeared to be stable at
temperatures below 700 °C with respect to oxides. It is the change of properties of corundum that
could resolve this problem. But it was not possible to assign large excess entropy to corundum, as it
was explained before. The introduction of the excess heat capacity was not possible as well since
Majzlan et al. [170] reported themselves that the enthalpy of formation for corundum was
independent of temperature. So, it was not possible to use the heat capacity suggested by Majzlan et
al. [170] for the FeAlO3; phase. Instead, the lattice part of sum of oxides was used. As a result, the
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enthalpy of formation from the oxides and entropy were obtained to describe the interval of FeAlO;
stability: AH2,;,. = 19 kJ-mol™ and S,,. = 87.6 J-mol™*-K ™. Majzlan et al. [170] measured 28

kJ-mol™ for the enthalpy of formation — a somewhat higher value. The value optimized in the
present study is close to the calculated enthalpy of mixing of corundum at 298 K at the composition
of 0.5 Al,O3 and 0.5 Fe,O3, which is 21 kJ-mol ™.

As soon as more experimental studies on the cation distribution and non-stoichiometry of the
FeAlO; phase are available, a complex thermodynamic model may be developed and possibly

resolve discrepancies in heat capacity and enthalpy of formation of this phase.

8.5 Summary of results

A simultaneous optimization of all available data in the system Al-Fe-O at 1 atm total pressure has
been performed. A set of self-consistent Gibbs energy functions of the oxide phases in the Al-Fe-O
system was derived. The description of thermodynamic properties data and phase relations were
obtained. The optimized model parameters for oxide phases reproduce all available data within
experimental error limits. By this means, the next part of the thermodynamic database for the multi-
component Al-Ca—Fe—Mg-Ni—O-Si chemical system involved in the process of nickel extraction

from the laterite ores was created.
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Table 8.2: Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Al-Fe—O system (J-mol™ and

J-mol™.K™)

Compounds Temperature AH - S 15 Ce(T)
range (K)

Al,O; (alpha) 298-2327 -1675700  50.8200  155,0188—3.8613x10°T % -828.387T °°+4.091x10°T ~°
2327-3000 192.464

Al,O3 (kappa)  298-1100 -1662302  53.5550  103.9399+0.0138795T —9.1424x10° T 2 +559.745T °° +1.1426 x10°T ~°
1100-2327 —452.6767 +0.0437540T +1.598064 x10° T % +42202.724T ~*° -9.576569x10°T *
2327-3000 192.464

Al,O3 (Jamma)  298-1200 -1656864  52.3000  _157333+0.0299485T +4.9953x10° T 2 +7068.351T ~*° —1.121094x10°T *
1200-2327 —787.5153+0.0658774T +2.638163x10° T % +66885.728T °° —1.5255274x10°T *
2327-3000 192.464

FeAlO; 298-2327 -1232099 87.6000

146.0139-3.3845x10°T 2 +2.045x10°T 2 -414.193T 3



174

Table 8.2 (Continued): Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Al-Fe-O system

(3-mol™ and J-mol™-K™)

2327-2500 164.7365—1.4538 x10°T 2

2500-3000 164.5039
FeAleq 298-360 -1978919.7 94.0235  _53.6258+0.8872765T —1.0149943x10°T2+1084.281T *
(hercynite)

360-2503 240.0239-2.5968x10°T " -1669.933T *°+2.513x10°T

Slag (liquid oxide phase): AlO; s—FeO-FeO 5

Z, =2.06616563; Z_,, =1.37744375, Z_, = 2.06616563;

Ag®., . =10041.6, Ag’, . =0, g°,. =28308.94, %, =9347.

Fe*2 Al Fe' Al qu+3 Al qu*3 Al

FeO-FeO; 5 liquid oxide was optimized by Decterov et al. [41];

The symmetric “Kohler-like” extrapolation [28] of binary terms into the ternary system was used.

Monoxide (solid oxide): AlO; s—-FeO-FeOy 5

00 — 0 00 — 0

qu,Fe*3 qu,Fe*2

FeO-FeO; s monoxide was optimized by Decterov et al. [41];

The Toop-like extension of binary terms into the ternary system was used, with FeO as an asymmetric component [28].

Corundum: AlO; 5—FeO1 5
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Table 8.2 (Continued): Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Al-Fe-O system

(3-mol™ and J-mol™-K™)

] _ (o] o] _ 0 .
Gai,o, (coru) = G,.a0,0  Greyo, (coru) = G, e 0,5

00 02 20
=41840-3.054T, q2_.=-142256, q2_.=-11296.8+5.0208T.

qu,Fe*3

Spinel: (APF*, Fe?*, Fe*")T(AI**, Fe?*, Fe® Va),°0,

298-360K : 7-F_,,..=—1998494.2-237.3960- T +53.62583-T INT —0.4436382-T°+1.691657x10™* - T> +1084.28-InT;
360-2503 K: 7-F_.,,..=—2000074.3+1718.3200-T —240.02389-T INT —41882431-T 2 -6679.7317-T °° +1298403.4-T *;
| 20 =96132;

A o =89267.3-133.0617-T +7.03665-TIn(T), A_..,.=-284512, A_. ., .. =—25443

M opeoare = Megegone =M o pope =My oo =38492.8;

Magnetic properties:T_.. .. =TF‘e+2 A =24 K (T =8K) [137],

Brpirpyos =Bz s =-3.699, P=0.28.

All parameters for Fe;O, spinel, including magnetic properties, were optimized by Decterov et al. [41].

The Gibbs energy of formation of a compound from elements in their standard state at a temperature of T(K) and a pressure of 1 atm is given

o o T T
by AG = AHu s —T Sigs + [, Co(T)AT T

- 15CPdeT , where AH .- is the enthalpy of formation of the compound at 1 atm and

298.15 K, S,ug 45 is the entropy of the compound at 1 atm and 298.15 K, and C,(T) is the heat capacity at constant pressure.
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CHAPTER 9 Al-Ni-O THERMODYNAMIC MODELING

Equation Chapter (Next) Section 1A thermodynamic optimization of the AI-Ni-O system is
reported in this Chapter. A complete literature review of thermodynamic and phase equilibrium data
in the AI-Ni-O system is provided. Contradictions in the literature data for spinel-corundum
equilibria in air were uncovered and resolved with the use of new experimental measurements made
by our colleagues from PyroSearch, Australia. The experimental procedure involved high temperature
equilibration in controlled gas atmospheres, rapid quenching and direct measurement of quenched
samples with electron probe X-ray microanalysis (EPMA). The Al,Os—NiO section of the Al-Ni-O
phase diagram was measured at 1500 and 1600 °C in air. The solubility of Al,O3 in NiAl,O,4 as well
as the solubilities of a-Al,O3 and NiO in each other were studied. The experimental measurements
provided additional data for a subsequent thermodynamic modeling. The thermodynamic modeling
was undertaken using the computer package FactSage. The Modified Quasichemical Model was
used for modeling of the slag phase (liquid oxide phase). The model based on the Compound Energy
Formalism (CEF) was developed for the spinel solid solution. The solubilities of a-Al,O3 and NiO
in each other as well as metallic solutions were described with a simple Bragg-Williams model.
These physically meaningful models are based on the structure of the corresponding solutions and,

therefore, have good ability to predict the properties of multicomponent systems.

9.1 Background

The AI-Ni-O system was optimized in the range of oxygen partial pressures varied from those of

metal saturation to that of air, and temperatures — from 25°C to temperatures higher than liquidus.

The methodology of the research was as follows. Initially, available literature data for the Al-Ni-O
system were reviewed and analyzed. Contradictions in the literature data for the Al,O3—NiO section
of the AI-Ni-O phase diagram in air were found. To resolve the conflicts in the literature, this
section was experimentally studied at 1500 and 1600 °C in air using equilibration and quenching
technique by our colleagues from PyroSearch, Australia. The compositions of the quenched samples
were determined by the electron-probe microanalysis (EPMA). Further, a set of all available data
involving the earlier reported and newly obtained data was taken into consideration in the
optimization of oxide phases in the AI-Ni-O system at a total pressure of 1 atm. The optimizations
of metallic solutions were not performed in this study; the optimized model parameters for these

solutions are available from Ansara et al. [194].
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9.2 Phases and thermodynamic models

A list of possible phases in the AlI-Ni—O system along with notations used the study is given in
Table 9.1. They were modeled as stoichiometric compounds or as solutions as described below. For
the spinel solution, cations shown within a set of parentheses occupy the same sublattice. The Al-Ni
metallic solutions and stoichiometric compounds (Al3Ni and Al3Nis) were optimized previously by
Ansara et al. [194]. Liquid and solid oxide solutions were optimized in the present study. The

optimized model parameters are presented in Table 9.2.

Table 9.1: Solution phases and stoichiometric compounds present in the AI-Ni—O system

Phase name Formula Notation used in this study

Solution phases:

Slag (liquid oxide) Al,03-NiO L or Liquid
Monoxide (solid oxide) NiO-AlO; 5 Mono or Monoxide
Corundum AlO15-NiO Coru or Corundum
Spinel (AP, Ni*")T[APP", Ni**, Va]90? * Sp or Spinel

Fcc Al-Ni

L12-Fcc Al-Ni

AlINi Al-Ni

Al3Ni; Al-Ni

Liquid metal Al-Ni-O L or Liquid

Stoichiometric compounds:
Al;Ni Al3Ni

A|3Ni5 A|3N|5

*T=tetrahedral sublattice, O=octahedral sublattice

9.2.1 Slag (liquid oxide)

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen

anions. In other words, they exhibit almost full first-nearest-neighbour (FNN) short-range ordering
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(SRO). Furthermore, there is a strong tendency for SRO of some cations in melts. In particular,
basic cations such as Ca form strong second-nearest-neighbour (SNN) pairs with acidic cations such
as Si. The effects of both FNN and SNN in slags are proven to be well described by the Modified
Quasichemical Model (MQM) [7, 8]. Though, in the Al,O3—NiO system, the SNN ordering is
apparently not strong, the same model is used in a view of the development of a broader database for
calculations in multicomponent systems. The most important parameter of the Modified

Quasichemical Model is the Gibbs energy of the corresponding pair exchange reaction:
(AI-Al) + (Ni-Ni) = 2(AlI-Ni);  Ag 9.1)

where (m-n) represents a second-nearest-neighbour pair. Let n,, and Zy, be the number of moles and
the coordination number of component m, respectively. The “coordination-equivalent” fractions (Y,)
are then defined as

Yo=Z.n, /> Zn, (9.2)

Ag,,, is expanded as a polynomial in the “coordination-equivalent” fractions of the components

Agmn = Agr?m + Z q:errllYnJ (93)

(i+j)=1

where Ag:. and qffm are empirical binary coefficients which may be functions of temperature and

pressure. They are optimized to take into account available thermodynamic and phase equilibrium
data. Full expressions for entropy and Gibbs energy of MQM solution are given elsewhere [7, 8].

9.2.2 Spinel

A spinel phase is often present in oxide systems of alumina. A large number of different bivalent
cations may enter a spinel structure: M?* = Ni, Mg, Zn, etc. The spinel field may extend from a
stoichiometric composition of MAI,O,4 to non-stoichiometric spinels due to solubility of Al,O3 [90,
195, 196].

Generally, cations in the spinel structure occupy two distinct kinds of crystallographic sites:
tetrahedrally-coordinated and octahedrally-coordinated by the oxygen anions. A normal spinel is the
one in which M**-cations occupy only the tetrahedral sites in the cubic closed packing of oxygen

ions, and Al**-cations — only the octahedral sites. In this case, the distribution corresponds to the

formula (M**)T[AIF*]90%", where T and O denote the tetrahedral and octahedral sites, respectively.
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The cation arrangement of an inverse spinel corresponds to the formula (AI*") [MZ A, 1505, so

that M%*-ion is placed in the octahedral position and Al**-ions are equally distributed between the
octahedral and tetrahedral positions. The cation arrangement in real NiAl,O,4 spinel is intermediate

between these two extreme cases. It may be described as (NiZ, ALY)T[NiZ, AIY , AI*1°0%,

where x is the degree of inversion. Accordingly, in the case of normal spinel, x = 0, for an inverse

spinel, x = 1, and intermediate cases are for 0 < x <1.

The stoichiometric NiAl,O,4 spinel tends to be inverse at low temperatures, which is demonstrated
by Figure 9.1. The details of the experimental data are given in Section 9.4.4. The cation
arrangement tends to random distribution when temperature is increased. However, according to
O’Neill et al. [197], above 1250 °C the cation re-distribution becomes so fast that it becomes
difficult to quench properly. Contrariwise, below 800 °C the rate of cation diffusion becomes so
slow that a complete internal equilibrium is hardly attained.

0,3 B Greenwald et al. (1954)
[ X Schmalzried (1961)
Datta and Roy (1967)
Rogalla and Schmalzried (1968)
X Cooley and Reed (1972)
Furuhashi et al. (1973)
Porta et al. (1974)
Pepe et al. (1976)
Jacob and Alcock (1977)
Porta et al. (1979)
+ Arean et al. (1983)
¢ Arean and Diez (1985)
® Becker and Rau (1987)
Mocala and Navrotsky (1989)
X O'Neill et al. (1991), model
X O'Neill et al. (1991), Rietveld method
O'Neill et al. (1991), single-crystal
Yao et al. (1991)
+ Roelofsen et al. (1992), 800 °C
0,05 i = Roelofsen et al. (1992),1300 °C
Shinoda et al. (1996)
Jiong et al. (1997)
0 [ L 1 1 L 1 L 1 L 1 L A Han et al. (2005)
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Figure 9.1: Cation distribution in stoichiometric NiAl,Oy4: literature data [197-219] and a calculated

line

The non-stoichiometric Al-Ni spinel with high alumina content was found to be close to inverse
spinel by Rotan et al. [218]. The dependence of inversion parameter on the overall composition is

demonstrated in Figure 9.2.
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Figure 9.2: Cation distribution in NiAl,Os,~a-Al,O3 solid solution: literature data [215, 218] and

calculated lines

The model for the AI-Ni spinel was developed within the framework of the Compound Energy
Formalism (CEF):

(AP, Ni*")[AP", Ni**, Va]90% (9.4)
The formation of neutral vacancies on the octahedral sublattice describes the non-stoichiometry of
Al-Ni spinel towards excess alumina.

The Gibbs energy expression and model parameters for a general spinel solution are explained in
detail by Decterov et al. [41]. In brief, the Gibbs-energy expression in the Compound Energy

Formalism (CEF) per formula unit is the following:

G, =ZZ\4TY,.OGi =TS, + AG™ (9.5)
i

where Y," and on represent the site fractions of the constituents i and j on the tetrahedral (T) and
octahedral (O) sublattices, respectively, G;; is the Gibbs energy of a pseudo-component (i)[j]20a,

AG*® is the excess Gibbs energy and S, is the configurational entropy assuming random mixing on

each sublattice,

S, =—RQ_YINY,"+23 Y2 InYP) (9.6)
[ J
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AG™ = ZZZYTYTY L,Jk+ZZZYkTY,°Y L (9.7),

[ ij>i

where L, and L, ; are the interaction energies between cations i and j on the one sublattice when

the other sublattice is occupied by k.

The dependence of the interaction energies on the composition can be expressed by Redlich-Kister

power series:

= 2 "L (Y=Y M) (9.8)

m

k ij Z k: u Y M Ml) (99)

m

The model parameters applied for the Al-Ni spinel solution are the following:

1
I:Ni+2A|+3 = 7 Ni*2A1%0, (9.10)
| iz =G[A|*3A|;304]*1 + G[Al*3r\|igzo4]'1 -2G Ni*2AI3%0, (9.11)
ANi*ZAl*3 =G[Ni*2Ni;204]‘2 + (':"[A|*3A|;3041*1 - (':"[A|*3r\|i;2041'1 -G NiT2Al0, (9.12)
AA|*3Ni*ZVa :G[Ni*zNi§204]’2 + G[AI*3VaZO4]'5 - G[AI*3Ni§204]'1 - G[Ni*ZVaZO4]'5 (9.13)

F parameter in Equation (9.10) is 1/7 part of the Gibbs energy of a hypothetical normal spinel
NiAl,Og4; | and A parameters in Equations (9.11) and (9.12) describe the degree of inversion and
thermodynamic parameters of a real simple spinel NiAl,O4. The formation of vacancies is described

by the parameter A in Equation (9.13).

The Gibbs energies of the end-members which take part in CEF equations can be derived from the
model parameters. The model parameters are used to calculate the fractions of end-members using

the Gibbs energy minimization procedure built in the FactSage software [1].

To correctly describe the solubility of Al,O3 in the Al-Ni spinel solution, in addition to the model

parameters described above, the parameter F

Wy Was optimized.

Generally speaking, the spinel solution can be considered as a solution between NiAl,O4 and y-
Al;O3, which has the spinel structure. The formula of vy-Al,O;3 can be written as

I3

(AF)T[AL, Va,, 1505 . Assuming a random mixture of AI** and vacancies on the octahedral sites,

the Gibbs energy of y-Al,Og is given by
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8G°(y-ALL0;) = Gy, 0.5 + 5 a0, o + 2RT (5IN5-61n6) (9.14),
where F, .. parameter defined as
F —lG° AlLO 1RT5I56I6 9.1
A =g (7-Al, 3)—2—0 (5In5-6In6) (9.15),

was optimized in order to simultaneously take into consideration the thermodynamic properties of y-

Al,O3 available in the literature and the solubility of Al O3 in several spinel solutions.

The optimized F, ., parameter correctly describes both the thermodynamic properties of y-Al,Os,

(Vs
which is demonstrated by Figure 9.3 and Figure 9.4, as well as the solubility of alumina in Al-Ni

spinel, which is demonstrated by Figure 9.11 and will be discussed in detail later in the thesis.
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Figure 9.3: Heat capacity of y-alumina: literature data [220] and a calculated line



183

-10
-20 L
K ‘
30 | =
X

AA

A
o
T

Roth (1936)

Kostomaroff and Rey (19%)
Yokokawa and Kleppa (1964)
Kubaschewski and Evans (1967)
Mukaibo et al. (1969), after Xuan et al
Gani and McPherson (1973)

Xuan et al. (1974)

Navrotsky et al. (1986)
Chen et al. (1995)

o O
S o
T T
*reX+tOX0®

Enthalpy of transition from y- to
(I-A|203 y k\] m0| 1
\‘
o

-80 } JANAF thermochemical tables (1998)
Castro et al. (2006)
9o L——¢alculated, , , T, |
0 500 1000 1500 2000

T, K

Figure 9.4: Enthalpy of transition of y- to a-alumina: literature data [220-229] and a calculated line

9.2.3 Monoxide — NiO(AIO5)

NiO has a limited solubility of a-Al,03. The Bragg-Williams random mixing model (NiO, AlOy5)

was used, with the following Gibbs energy expression:

G= (XNiOGl(\)liO + XAIOLSGXIOLS)_’_ RT (Xyio IN Xyio + XAI01_5 In XA|01_5)+AGeX (9.16)

In these expressions, X, and G.” are the mole fraction and the Gibbs energy of the component i. The

excess Gibbs energy AG® is a polynomial with Toop-like extension of binary terms into
multicomponent systems, with Al,O3 as an asymmetric component [28].

I3

It is assumed that vacancies remain associated with Al°" ions and so do not contribute to the

configurational entropy.

9.2.4 Corundum — AlO;5(NiO)

Corundum is a-Al,O3-based solution with a limited solubility of NiO. The model used for the

corundum solution was the same as for the monoxide solution.
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9.2.5 Other solutions and stoichiometric compounds
The Al-Ni metallic solutions and stoichiometric compounds (Al3Ni and AlsNis) were optimized

previously by Ansara et al. [194]. The optimized parameters were applied in the current study. The

phase diagram of the AI-Ni system is shown in Figure 9.5.
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Figure 9.5: Al-Ni phase diagram [194]

9.3 Literature review of experimental data and evaluation

The evaluated isothermal section of the AI-Ni—O phase diagram at 1100 °C is shown in Figure 9.6.
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Figure 9.6: Calculated isothermal section of the AlI-Ni-O phase diagram at 1100 °C

9.4 NiAl,O,

NiAl,O4 with a cubic spinel structure is the only ternary compound in the Al-Ni-O system. The
thermodynamic properties of NiAl,Oy are relatively well-studied: the literature data include the heat
capacity [230-232], enthalpy [233-236], cation distribution [197-218] and Gibbs energy data [163,
237-247].

9.4.1 Heat capacity and entropy
The heat capacity of NiAl,O4 was studied in both low-temperature and high-temperature regions, as

shown in Figure 9.7.
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Figure 9.7: Heat capacity of NiAl,Oy: literature data [230-232] and calculated lines

The low-temperature heat capacity of NiAl,O, was recently measured between 4 and 400 K (-269-
127°C) by Klemme and Miltenburg [232], using adiabatic calorimetry. A sharp anomaly on the heat
capacity curve was observed at low temperature of 7.5 K and the authors supposed that it could be
related to the cubic-tetragonal transition in spinels. From their data, the entropy of NiAl,O,4 at T=298
K was calculated as 97.1 J/(mol-K).

The high-temperature heat capacity of NiAl,O, was measured by Chizhikov et al. [230] in the
temperature range 300-1100 K (27-827 °C), using adiabatic calorimetry, and later on by Dzagnidze
et al. [231] in the range of 300-1000 K (27-727 °C), using adiabatic calorimetry and differential
microcalorimeter of Calvet type.

Although the experimental results of Dzagnidze et al. [231] obtained by two distinct techniques are
slightly different, they are compatible with each other and are in agreement with the recent data of
Klemme and Miltenburg [232]. Contrariwise, the data of Chizhikov et al. [230] are inconsistent with

the other data, therefore, they are probably erroneous.

9.4.2 Enthalpy of formation

The enthalpy of formation of NiAl, O, spinel at 700 °C from the oxides NiO and a-Al,O3 was
measured by solution calorimetry in borate solvents in four studies: Navrotsky and Kleppa [233],
Akaogi and Navrotsky [234], Navrotsky [235], and in the most recent study by Lilova et al. [236].
The following results were obtained: -3.1 + 1.0 kJ/mol (the samples were prepared from oxides by
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heating at 1300 °C for 48 h with several cycles of grinding, repelletizing, heating and, finally, XRD
analysis; no information whether the samples were quenched or cooled), -19.7 = 1.3 kJ/mol (the
samples were prepared from oxides by heating at 1400 °C for 47 hours and confirmation of phases
by XRD and microscopic analysis; no information whether the samples were quenched or cooled),
-0.3 £ 1.5 kJ/mol (the samples were prepared from oxides by heating at 1200 °C for 2-4 days,
quenching and confirmation of phases by XRD and microscopic analysis), and -1.9 + 2.5 kJ/mol (the
samples were prepared from oxides by sintering at 1400 °C for 24h, annealing at 800 °C for 24h and

quenching), respectively.

Navrotsky [235] also measured the enthalpies associated with the re-equilibration of cation
distribution in NiAl,O4 for samples quenched from high temperatures of 1000-1400 °C to 700 °C as
varying from -2.7 to -4.8 kJ/mol by drop calorimetry. A sample was quenched from high
temperature, encapsulated in Pt foil and dropped from room temperature into the calorimeter at 700
°C (with no solvent present). The capsule was retrieved and then dropped a second time. The first
drop gave the heat content Hg73-Hagg Of the Pt and of the spinel and any heat released when the
cation distribution relaxed. Subsequent drops gave the heat-content terms only. The Pt capsule
contributed less than 30% of the total heat effect. The measured heat contents were in the range of
100-125 kJ/mol. The difference between the first and subsequent drops gave the enthalpy difference
associated with the change in cation distribution. Based on the reproducibility of the results, it was
supposed that when a spinel sample is dropped into a calorimeter at 700 °C, it re-equilibrates its
cation distribution to or near the 973 K value during the course of the 30-60-min calorimetric
experiment. However, this assumption seems to be questionable since re-equilibration at such low
temperatures would require much longer times. According to calculations, the enthalpies associated
with the re-equilibration of cation distribution in NiAl,O, for spinel quenched from high
temperatures of 1000-1400 °C to 700 °C are between -1 and -2 kJ/mol.

However, even if it is supposed that the re-distribution of cations from high temperatures to the
temperature of calorimetric experiment can contribute several kJoules to the results, this effect
cannot explain a large negative value for the enthalpy of formation of Akaogi and Navrotsky [234],
which is apparently inconsistent with the rest of the data. Since no proper explanations were given
by the authors and all these data were obtained in the same experimental group by the same method,
the discrepancy in the experimental results shows the real experimental error of the applied

experimental technique.
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9.4.3 Gibbs energy

9.4.3.1 Ni-alloy(s,l) + spinel + Al,O3 assemblage

The partial pressures of oxygen for the Ni-alloy(s,l) + spinel + Al,0O3 assemblage (FCC + Sp + Coru
in Figure 9.6) are directly related to the Gibbs energy of formation of alumina-saturated spinel from
a-Al,O3, Ni-alloy, and O,. They were measured using 2 different types of techniques: EMF [237-
243] and gas equilibration with CO/CO, mixtures [163, 244-246]. The results are summarized in
Figure 9.8. The crystal modification of alumina was a-Al,O3 everywhere, except for the study of
Fricke and Weitbrecht [244], where Al,O3 was claimed to be in the form of y-Al,O3. Most of the
experiments were conducted at temperatures low enough for Ni-alloy to be in the solid state, except
for the studies of Jacob [242] and Majumdar et al. [243], who conducted their experiments in the
temperature ranges 1730-1975 K (1457-1702 °C) and 1733-1873 K (1460-1600 °C), respectively,
where the metal phase was liquid. Although some authors mentioned possible non-stoichiometry of
the spinel phase in equilibrium with a-Al,O3 and Ni-alloy, in most cases experimental data on the
composition of spinel were not provided. The only mention was made by Elrefaie and Smeltzer
[241], Jacob [242], and Timucin and Muan [246]. Elrefaie and Smeltzer [241] measured the
solubility of Al,O3 in NiAl,O,4 as 56 mol % at 1273 K (1000 °C) by EPMA analysis, Jacob [242] —
as 58.7 and 62.4 mol % at 1773 K (1500 °C) and 1973 K (1700 °C), respectively, by energy
dispersive X-ray analysis, Timucin and Muan [246] — as 56 mol % Al,O; in the range of
temperatures 1573-1673 K (1300-1400 °C) by X-ray d-spacing measurement.

The experimental results for the spinel + Al, O3 + Ni-alloy(s,I) + O, assemblage are in general

agreement.
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Figure 9.8: Partial pressures of oxygen for the Ni-alloy(s,l) + spinel + Al,O3 assemblage: literature
data [163, 237-246] and a calculated line

In addition, Timucin and Muan [246] measured the partial pressures over spinel-Ni-alloy binary

equilibria. The data are shown in Figure 9.9.
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Figure 9.9: Partial pressures of oxygen for the spinel-Ni-alloy equilibria: literature data [246] and

calculated lines
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9.4.3.2 Ni-alloy(s,l) + NiAl,O4 + NiO-based monoxide assemblage
The partial pressures of oxygen for the Ni-alloy(s,lI) + NiAl,O4 + NiO-based monoxide assemblage
(FCC + Sp + Mono in Figure 9.6) are directly related to the Gibbs energy of formation of NiAl,Oy.

The experimental data of this kind are shown in Figure 9.10.
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Figure 9.10: Partial pressures of oxygen for the NiAl,O4(spinel) + NiO-based monoxide + Ni-
alloy(s,l) assemblage: literature data [241, 246, 247] and a calculated line

Elrefaie and Smeltzer [241] measured the EMF data for the cell: Ni(solid), NiO, NiAl,O4/ ZrO, /Ni,
NiO between 1123-1423 K (850-1150 °C). The EPMA analysis of the phases at 1273 K (1000 °C)
showed that the following phases were in equilibrium: stoichiometric NiAl,O4, NiO (with 1 mol %
of dissolved Al,O3), and pure Ni.

Kemori et al. [247] measured the EMF data for the cell: Ni (solid or liquid), NiO, NiAl,O4/ ZrO, /air
in the temperature range 1285-1835K (1012-1562 °C). The solubility of Al,O3 in NiO was reported
to be negligibly small below 1573K (1300 °C).

Timucin and Muan [246] used a gas equilibration technique to study the same equilibrium at 1573
and 1673 K (1300 and 1400 °C).

The results of Elrefaie and Smeltzer [241], Timucin and Muan [246], and Kemori et al. [247] are in

agreement.
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9.4.4 Cation distribution

The cation distribution in the stoichiometric NiAl,O,4 spinel is shown in Figure 9.1. The cation
arrangement was measured mainly by the XRD analysis [197-200, 202-205, 207-209, 211, 213-218]
in the range of temperatures 400-1560 °C. The samples of Roelofsen et al. [213] were divided into 2
groups (see Figure 9.1) by the temperature at which they were initially annealed, 800 or 1300 °C.
Further, the samples were annealed at temperatures from 800 to 1500 °C and quenched. The
measurements of O’Neill et al. [197] were divided into 3 groups (as shown in Figure 9.2): 1)
powder-diffraction experiments with isotropic thermal motion model used as a refinement technique

2) powder-diffraction experiments with Rietveld method and 3) single-crystal experiments.

Some other experimental techniques were also applied: optical absorption [201] (720-1050 °C),
magnetic measurements [204] (1000-1400 °C), optical transmission [210] (400-1400 °C), neutron
diffraction [219] (25 °C), and X-ray absorption fine-structure spectroscopy (EXAFS, 1400 °C)
[212]. Jacob and Alcock [206] calculated the cation distribution in NiAl,O4 at 1000 °C from site

preference energies.

Furthermore, Rotan et al. [218] investigated the cation distribution in the NiAl,O,~aAl,O3 solid
solution (see Figure 9.2). The samples were either slowly cooled to ambient temperature from 800
°C or quenched from 1300 °C.

Although most of the authors agree that the NiAl,O,4 spinel is largely inverse, the literature data on
the cation distribution are quite scattered. According to O’Neill et al. [197], inaccuracy of data may
occur due to several reasons: 1) deviations from ideal stoichiometry 2) improper sample
equilibration (insufficient equilibration time at low temperatures, slow quench rate at high
temperatures, etc.) 3) low quality of the XRD measurements and the inadequacy of the XRD model

used to reduce these measurements to structural information.

9.4.5 Phase diagram data

The Al,03-NiO section of the Al-Ni-O phase diagram in air (see Figure 9.11) was studied by
several authors [90, 177, 196, 199, 218, 246, 248-252]. The only ternary compound is NiAl,O,4, with

a spinel structure.

Figure 9.11 shows literature data obtained both in air and metallic saturation, which were described
above. In general, for ternary systems of the kind 2 metals + oxygen, the T-x section of the phase

diagram depends on the oxygen partial pressure P(O,). For instance, the oxide diagrams studied at
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metal saturation, in air and P(O,) = 1 atm should look differently. However, in the AI-Ni-O system,
both Al and Ni exhibit the only oxidation state, which is +3 and +2, respectively. This means that
metal to oxygen ratio in solid and liquid oxides Al,O3 and NiO remains almost constant and does
not depend on P(O,). For this reason the data at metallic saturation and in air are shown on the same
diagram. The Al,O3—NiO section calculated in this study for air and metallic saturation and shown in

Figure 9.11 also coincide.
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Figure 9.11: Calculated Al,03—NiO section of the AlI-Ni-O phase diagram: literature data [90, 177,
196, 199, 218, 246, 248-252] in air, at metallic saturation [241, 242, 246] and results of this study

In the subsolidus region, Al,O3—NiO section was investigated by lida [249] — quenching and XRD at
1650 °C, Schmalzried [199] — XRD (1000-1500 °C), Lejus and Collonongues [250] — XRD (1300-
1600 °C), Phillips et al. [90] — quenching and direct observational technique (from 1360 °C up to
liquidus temperatures), Elrefaie and Smeltzer [196] — XRD and EPMA (1000-1920 °C), Ando [251]
— EPMA of annealed samples at 1700 and 1800 °C, Timucin and Muan [246] — XRD of quenched
samples at 1300 and 1400 °C, Rhamdhani et al. [177] — equilibration and quenching techniques
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followed by EPMA from 1200 to 1400 °C, Rotan et al. [218] — XRD of quenched samples at 1300
°C. Basic features of the Al,03—NiO section were the same in the majority of studies: 1) alumina
content of the spinel increased with increasing temperature; 2) the binary oxides a-Al,O3 and NiO
exhibited limited solubilities in each other; 3) the spinel equilibrated with NiO-based solid solution
occurred at its stoichiometric composition, NiAl,O,. However, there was a controversy in the
literature data on the spinel phase composition when in equilibrium with the corundum phase (a-
Al,O3-based solution). To resolve contradictions, spinel/corundum and spinel/monoxide equilibria
were re-measured in this study. It was mentioned before that the Al,O3—NiO section of the AI-Ni-O
phase diagram was recently measured from 1200 to 1400 °C by Rhamdhani et al. from the
Pyrometallurgy Research Centre (Brisbane, Australia) [177]. In this study, the same section was re-
measured at higher temperatures 1500 and 1600 °C, using the same technique as before.

The liquidus region of the AI-Ni-O system was studied by several investigators [90, 248, 252].
Wartenberg and Reusch [248] studied liquidus on the Al,O3—NiO section of the AI-Ni—O phase
diagram in air by optical microscopy. The melting point of NiAl,O4 composition was measured in
air as 2020 + 20 °C. Phillips et al. [90] investigated the melting point of the stoichiometric NiAl,O4
composition by quenching and direct observational technique. The melting point was found to be
near 2110 £ 30 °C, higher than that reported by Wartenberg and Reusch [248]. Finally, Revkolevchi
[252] found an eutectic between NiAl,O4 and NiO-based solid solution near 1900 °C and 14 mol%
Al,O3 by XRD.

9.5 Optimization

9.5.1 Spinel

First, the thermodynamic properties of stoichiometric hypothetically normal NiAl,O, were
optimized. The high-temperature heat capacity was set by optimizing the data of Klemme and
Miltenburg [232] and Dzagnidze et al. [231] (Figure 9.7). The data of Chizhikov et al. [230] were

not taken into account due to their doubtfulness. For the entropy S, , the value of 97.1 J/(mol-K)
by Klemme and Miltenburg [232] was accepted.
According to the model described in Section 9.2.2, the thermodynamic properties of hypothetically

normal NiAl,O, were used for one of the end-members of the spinel solution. This is justified

because i) in the temperature range of the experiments of Klemme and Miltenburg [232] and of
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Dzagnidze et al. [231], the cation distribution in spinel is kinetically frozen and the measurements
give only the lattice part of the heat capacity and entropy ii) in the model applied for the spinel
solution, it is generally assumed that the lattice part of the heat capacity is independent of cation

distribution of an end-member.

For kinetically unrestricted (unfrozen) spinel, the contribution of the cation arrangement
(configurational part) to S is given by Equation (9.6). At 298 K the sum of lattice and
configurational entropies for NiAl,O, is calculated as 108.7 J/(mol-K). The change in the cation
distribution with increasing temperature also affects the heat capacity of unfrozen spinel (see Figure
9.1).

The enthalpy of the hypothetical normal spinel (Ni)(Al),O4 was optimized to take into consideration
available enthalpy [233-236] as well as Gibbs energy data [163, 237-247] (Figure 9.8, Figure 9.9
and Figure 9.10). The molar enthalpy of formation of stoichiometric spinel NiAl,O, from the oxides
NiO and a-Al,O3 with the equilibrium cation distribution is calculated as -10.8 kJ/mol at 700 °C,
between the extreme limits obtained experimentally by Akaogi and Navrotsky [234] and Navrotsky
[235]: -19.7 + 1.3 kJ/mol and -0.3 = 1.5 kJ/mol, respectively.

The parameter | was optimized to describe the cation distribution data [197-219] in Figure 9.1 and
Figure 9.2. The calculated lines are believed to be in accordance with the experimental data within

experimental error limits.

The delta parameters A A and excess parameters M and M were

i2AI% T T AIMNI*2Va AlTAIPNIZ Ni*2:AINiZ

optimized to describe the phase diagram data [90, 177, 196, 199, 218, 246, 248-252] and the
experimental results of this study (Figure 9.11). From the available phase diagram data,
experimental data obtained in this study were given preference in the optimization due to their
believed high accuracy, which is achieved by applying the improved experimental technique
involving carefully planned equilibration procedures followed by electron probe X-ray

microanalysis.

The optimized model parameters for the spinel phase are given in Table 9.2.

9.5.2 Corundum and monoxide

The parameters of the corundum phase were optimized to describe the phase diagram data [177,

196, 251] and the experimental results of this study (Figure 9.11). The parameters of the monoxide
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solution were optimized to describe the literature data in Figure 9.10 and Figure 9.11 and the
experimental results of this study in Figure 9.11. The calculated lines are in good agreement with the
experimental results. The optimized parameters are given in Table 9.2.

9.5.3 Liquid

The parameters of the Modified Quasichemical Model were optimized to describe the phase diagram
data [90, 248, 252] (Figure 9.11) and are given in Table 9.2.

9.6 Summary of results

Some discrepancies in the literature data for the Al,O3—NiO section of the AI-Ni-O system have
been demonstrated. To help resolve the conflicts existing in the literature, a new experimental
investigation was carried out in this study. The improved experimental technique included
equilibration and quenching followed by electron probe X-ray microanalysis (EPMA). The Al,O3—
NiO section of the AI-Ni-O phase diagram has been measured at 1500 and 1600 °C in air. The
solubility of Al,O3 in NiAl,QO,4 as well as the solubilities of a-Al,03 and NiO in each other have been
measured. The experimental measurements provided additional data for a subsequent thermodynamic
modeling.

A simultaneous optimization of all available data in the Ni-containing system AI-Ni-O at 1 atm
total pressure was performed. New experimental data and previously published experimental results
were taken into consideration. The best possible description of thermodynamic properties data and
phase relations was obtained. The optimized model parameters for oxide phases reproduce all
available data within experimental error limits. A set of self-consistent Gibbs energy functions of the

oxide phases in the AlI-Ni—O system was derived.
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Table 9.2: Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Al-Ni—O system (J-mol™ and

J-mol*-K™

Compounds

Temperature

0 0
AH 298.15 S298.15

range (K)

Ce(T)

The thermodynamic properties of solid and liquid NiO are given in [51]

Al,O3 (alpha)

Al,O3 (kappa)

Al,O3; (gamma)

298-2327 -1675700  50.8200

2327-3000

298-1100 -1662302  53.5550

1100-2327

2327-3000

298-1200 -1656864  52.3000
1200-2327

2327-3000

155.0188-3.8613x10°T > -828.387T ~*° +4.091x10°T ~°

192.464

103.9399+0.0138795T —9.1424x10° T > +559.745T ~*° +1.1426x10°T ~°

—452.6767 +0.0437540T +1.598064 x10° T * +42202.724T ~*° -9.576569x10°T

192.464

~15.7333+0.0299485T +4.9953%x10° T > +7068.351T ~*° -1.121094x10°T

—787.5153+0.0658774T +2.638163x10° T " +66885.728T *° —1.5255274x10°T

192.464
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Table 9.2 (Continued): Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Al-Ni-O system

(3-mol™* and J-mol™-K™)

Al,0;5 (liquid) 298-2327 -1596353.2 43.5690

2327-3000

179.3654—0.0091922T +9.753x10° T > -828.387T ~*° +4.091x10°T *

Slag (liquid oxide phase): AlO;5-NiO

Z,; =1.37744375, 7, =2.06616563;

Aga ni =33472, qn\ =—8368;

q% ,, = -41840.

Monoxide (solid oxide): NiO(AIO1 5)

%, =30224.4—15.69T,

Nio*

Gp,0, (MON0) = G2, +77404, Gy, (MoNo) =G

Corundum: AlO; 5(NiO)

G0, (COrU) =GY a0, Grio(Coru) = Gy, +40584.8.
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Table 9.2 (Continued): Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Al-Ni-O system

(3-mol™* and J-mol™-K™)

Spinel: (AI¥*, Ni#")T (AP, Ni** Va), 0,

7-F =-1964026.7 +969.9016 - T —154.66239-T InT —0.0143781-T > +2.0071x10° - T * +1.601x107"° . T*;

NN -

I =-17154.4,

Nit2AI -

=14896, A =420387.4—-317.984T,

Al"Ni*2va

ANi+2AI+3
M =-46793.9+33.4720-T;

AP ARNIZE TN AN T M AN

F, ..., =—336603.1+220.8396-T —5.858x10™*-T*-662.71-T°° ~1.36x10" -T* —31.00344-T InT +3.861x10° - T *.

APV T

The Gibbs energy of formation of a compound from elements in their standard state at a temperature of T(K) and a pressure of 1 atm is given

by AG =AH 5.5 — T Spee s +J;8 SCe(MdT =T ' Cp—de , where AH .. is the enthalpy of formation of the compound at 1 atm and

298.15 20815 T

298.15K, S2? is the entropy of the compound at 1 atm and 298.15 K, and C,(T) is the heat capacity at constant pressure.

298.15
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CHAPTER 10 Fe—Ni-O MODELING

Equation Chapter (Next) Section 1This chapter is concerned with the thermodynamic optimization
of the Fe—Ni—O chemical system over a wide range of temperatures and oxygen partial pressures. A
literature review for this chemical system was performed, and the derived literature data were used in
preliminary calculations. For the Fe—Ni-O phase diagram, discrepancies in the available data were
revealed at low oxygen pressures in the spinel/metallic alloy and wustite/metallic alloy regions.
Therefore, experiments were performed in the regions of interest by our colleagues from PyroSearch,
Australia. The experimental procedure involved high-temperature equilibration and rapid quenching
followed by the electron probe X-ray microanalysis (EPMA) of quenched samples. The compositions
of wistite/metallic alloy and spinel/metallic alloy in equilibrium have been measured at 1200 °C at
partial pressures of oxygen logi[P(O,), atm] = -9 and -10. This provided additional data for a
subsequent thermodynamic modeling. The Modified Quasichemical Model (MQM) was used for
modeling of the liquid oxide phase, or slag. The model based on the Compound Energy Formalism
has been developed for the spinel solid solution. Metallic solutions and mutual solubility of wistite
(FexO-based solid oxide solution) and bunsenite (NiO-based solid oxide solution) were described
with a simple Bragg-Williams model. These physically meaningful models are based on the
structure of the corresponding solutions and, therefore, have good ability to predict the properties of

multicomponent systems.

10.1 Background

This part of the project was aimed at optimizing the Fe-Ni-O system in the range of oxygen partial
pressures varied from those at metal saturation to those of pure oxygen and temperatures — from

25°C to liquidus temperatures and above.

Initially, available literature data were reviewed and analyzed. Contradictions in the literature data
for wistite/alloy and spinel/alloy equilibria at low oxygen pressures were found. To resolve
contradictions in the literature, the compositions of phases in equilibrium were measured at 1200 °C
at partial pressures of oxygen log;o[P(O), atm] = -9 and -10 by the electron-probe microanalysis
(EPMA). Further, the whole set of available data, reported earlier and newly obtained, were taken

into consideration in the thermodynamic optimization of oxide phases in the Fe—Ni—O system.

The assessment of the Fe—Ni—O system was performed earlier by Luoma [253], using the ionic two-

sublattice model for the liquid phase, Compound Energy Formalism (CEF) for solid oxide phases
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and Redlich-Kister polynomials for solid metal phases. The spinel phase was further reassessed by
Kjellgvist et al. [254].

10.2 Phases and thermodynamic models

A list of phases in the Fe-Ni-O system along with notations used in this study is given in Table
10.1. Phases were modeled as stoichiometric compounds or as solutions as described below. For the
spinel solution model, cations shown within a set of parentheses occupy the same sublattice.
Metallic solutions were optimized previously by Dinsdale and Chart [255]. Liquid and solid oxide
solutions have been optimized in the present study. The optimized model parameters are listed in
Table 10.2.

In the range of oxygen partial pressures considered in the present study, which varied from low
oxygen pressures up to that of air, iron is present in oxide phases in two oxidation states: Fe’* and
Fe**, while nickel — only as Ni*". Trivalent nickel reaches significant concentration in oxide phases

at high temperatures only at oxygen partial pressures considerably higher than that in air.

Table 10.1: Solution phases and stoichiometric compounds present in the Fe—Ni—O system

Phase name Formula Notation used in this
study

Slag (liquid oxide) FeO-Fe,03—NiO L or Liquid

Monoxide (encompassing NiO-FeO-FeO; 5 Mono or Monoxide

wistite Fe,O and bunsenite

NiO)

Corundum  (encompassing FeO;5-NiO Corundum (Coru) or

hematite a-Fe;03) Hematite (Hem)

Spinel (Fe**, Fe*, Ni*")"[Fe?*, Fe*, Ni*, Va]y0? * Sp or Spinel

Fcc Fe—Ni

L12-Fcc Fe—Ni

Bcc Fe—Ni

Liquid metal Fe-Ni-O L metal or Liquid
metal

*T=tetrahedral sublattice, O=octahedral sublattice
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10.2.1 Slag (liquid oxide)

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. In other words, they exhibit almost full first-nearest-neighbour (FNN) short-range ordering
(SRO). Furthermore, there is a strong tendency for SRO of some cations in melts. In particular,
basic cations such as Ca form strong second-nearest-neighbour (SNN) pairs with acidic cations such
as Si. The effects of both FNN and SNN are described by the Modified Quasichemical Model [7, 8].
Though, in the FeO-Fe,O3—NiO system, the second-nearest-neighbour pairs ordering is apparently
not strong, the same model is used in view of developing of a broader database for calculations in
multicomponent systems. The most significant parameter of the MQM model is the Gibbs energy of
the corresponding pair exchange reaction:

(Fe-Fe)+ (Ni-Ni) = 2(Fe-Ni); Age, (10.1),

where (m-n) represents a second-nearest-neighbour pair. Let n,, and Zy, be the number of moles and
the coordination number of the component m, respectively. The “coordination-equivalent” fractions
(Ym) are then defined as

Yo=Z.n, /> Zn, (10.2)

Ag,., is expanded as a polynomial in the “coordination-equivalent” fractions of the components

Ay, =AGp, + D g YaY,) (10.3),

(i+j)=1

where Ag°, and g are empirical binary coefficients which may be functions of temperature and

pressure. They are optimized to take into account available thermodynamic and phase equilibrium
data.

10.2.2 Spinel

Ferrites A**'B**,0, have a basic spinel structure. The characteristic feature of ferrite spinels is their

ferromagnetism.

Ni ferrite NiFe,O4 is a typical inverse spinel, where Ni ions prefer octahedral sites to tetrahedral
sites, which is demonstrated in Figure 10.1. Crystal field stabilization, oxidation state and ionic radii
effects result in the preference of Ni?* for the octahedral site. Figure 10.1 shows that the cation

distribution of stoichiometric NiFe,O, is almost independent of temperature.
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The determination of the cation distribution in nickel ferrite using conventional X-ray sources is
complicated due to the X-ray scattering amplitude of Ni close to that of Fe. So, some other methods
such as neutron diffraction are commonly applied. The experimental details for the data in Figure
10.1 are given in Section 10.3.1.4.

Ni ferrite occurs in the nature as a mineral trevorite NiFe,0,.
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Figure 10.1: Cation distribution in stoichiometric NiFe,Oy: literature data [40, 153, 212, 214, 256-
269] and a calculated line

The stoichiometric nickel ferrite NiFe,O4 and magnetite Fe3O4, both with the cubic spinel structure,
are completely soluble in each other. The distribution of Ni remains constant for the whole range of

solid solutions between NiFe,O4 and Fe;O, end-members, which is demonstrated in Figure 10.2.
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Figure 10.2: Cation distribution in NiFe,Os—aFe,O3 solid solution: literature data [270] and a
calculated line

The model for the Fe-Ni spinel has been developed within the framework of the Compound Energy
Formalism (CEF):

(Fe**, Fe*, Ni*")T[Fe*", Fe*", Ni**, Va]; 07 (10.4)
The formation of neutral vacancies on the octahedral sublattice describes the non-stoichiometry of
the Fe-Ni spinel towards excess oxygen.

The Gibbs energy expression and model parameters for a general spinel solution are explained in
detail by Decterov et al. [41]. In brief, the Gibbs-energy expression of the CEF per formula unit is
the following:

G, =22 Y.Y]G,; ~TS, +AG* (10.5)

J

where Y," and on represent the site fractions of the constituents i and j on the tetrahedral (T) and

octahedral (O) sublattices, respectively, G, are the Gibbs energies of end-members — pseudo-

ij
components (i)(j)204, AG*™ is the excess Gibbs energy and S, is the configurational entropy

assuming random mixing on each sublattice,

S. :—R(ZYiT InY," +2ZYj° InY?) (10.6)
i i

Excess Gibbs energy parameters were set to zero in this study.

The model parameters, which were applied for the Fe;0,—~NiFe,O,4 spinel solution, are shown below:
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1 1
Fe2Fe®d 7 G Fe'?Fe%0, 7 G[Fe*3Fe;2041'1 (10.7)
IFe"zFe+3 = [Fe**Fe;0,1™ + G[Fe"g’FeZzO‘,]'1 -2G Fe*?Fe;20, (108)
Fe'2Fe®® G[Fe*zFefOA]’z + G[Fe+3Fe§304]” - G[Fe*3Fe§204]'1 -G Fe'2Fe}*0, (10.9)
V .=G —E G (10.10)
Fe* [Fe**Va,0,T° 7 [Fe"Fe;?0, 1t )
A|=e*3|:e*ZVa = G[Fe*zFe§204]'2 + G[Fe*3Va204]‘5 - G[Fe*3Fe§204]'1 - G[Fe*ZVaZOA]‘B (10.11)
F _1 G 10.12
Ni*2Fe*? _7 Ni*2Fe?0, (10.12)
I Ni*2Fe™ :G[Fe*3Fe.=;3041*1 +G[Fe+3Ni§204 R -2G Ni*2Fe;%0, (10.13)
AFe*ZNi*ZFe+3 = G[Ni"zNi;zOA]'Z + G[Fe*zFe;3o4] - G[Fe+2Ni§204]'2 - G[Ni*ZFeg*OA] (10.14)
ANi*ZFe>2+Fe+3 = G[F92+Fe;2041'2 + G[Ni*zFe;304] - G[Ni+2Fe§204]'2 - G[Fe*ZFeg*o4] (10.15)

F parameters in Equations (10.7) and (10.12) are 1/7 of the Gibbs energy of hypothetical normal
spinels NiFe,O4 and Fe;Og4; | parameters in Equations (10.8) and (10.13) describe the degree of
inversion of these spinels; A parameter in Equation (10.9) describes the thermodynamic properties of
a real simple spinel Fe3O4. The formation of vacancies is described by introducing the parameters V
and A in Equations (10.10) and (10.11). All other delta parameters describe the thermodynamics of
mixing between NiFe,O4 and Fe3O4. The Gibbs energies of the end members in (10.5) can be
derived from the model parameters. They are used to calculate the fractions of end-members by

application of the Gibbs energy minimization procedure built in the FactSage software [1].

Fes04 and NiFe,O,4 undergo ferromagnetic orderings at T= 848 and 859 K [153], respectively. This
has an impact on the thermodynamic properties of the spinel. The phenomenological approach

proposed by Hillert and Jarl [44] was used to describe the magnetic contribution to the
thermodynamic functions. The formulae are given in [41]. The main parameters are: T, — the
critical temperature for magnetic ordering (Curie temperature), g — the average magnetic moment
per atom and p - the structural constant. The linear change of T.and g between the Fe;O4 and

NiFe,O4 was used in this study, as it was suggested in [41].
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10.2.3 Monoxide — NiO-FeO-FeO; 5

Waistite Fe,O has a range of non-stoichiometry towards oxygen, which was modeled by mixing FeO
and FeOy 5 oxides in the current study. Wstite Fe,O and bunsenite NiO are partially soluble in each

other. At a certain temperature, these two solutions become a complete monoxide solution.

The monoxide solution was modeled using the Bragg-Williams random mixing model (FeO, FeO1 s,

NiO). The Gibbs energy expression is

G= (XFeogEeo + XFeOmglgeOlS + XNiOgl?liO)

(10.16)
+RT (X IN X + Xeo, 1N X, + Xiio IN Xio) +AG*

The excess Gibbs energy AG* is a polynomial with the Kohler-like extension of binary terms into

multicomponent systems [28].

10.2.4 Corundum - FeO, 5(NiO)

Corundum is a-Fe,Oz(hematite)-based solution with a very small solubility of NiO. The model used

for the corundum solution was similar to the monoxide solution (FeOy s, NiO).

10.2.5 Other solutions and stoichiometric compounds

The Fe-Ni metallic solutions were optimized previously by Dinsdale and Chart [255]. The

optimized parameters were applied in this study.

10.3 Literature review of experimental data

The literature surveys for the Fe—Ni-O system were reported by Raghavan [271, 272] and Luoma
[253].

The isothermal section of the Fe—Ni—O phase diagram at 1000 °C is demonstrated in Figure 10.3.
The phases in the Fe-Ni-O system include the spinel solid solution NiFe,O4—Fe304, monoxide
FexO-NiO, corundum and Fe-Ni alloys. Also, liquid phases (slag and liquid metal) are present at
higher temperatures. Hematite a-Fe,O3 has a negligible solubility of nickel. Magnetite Fe3O4 forms
a continuous solid spinel solution with nickel ferrite, NiFe,O4. There is a miscibility gap in the

monoxide solution between wustite Fe,O-based and bunsenite NiO-based solid solutions.
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Figure 10.3: Isothermal section of the Fe—Ni—O phase diagram in air at 1273 K (1000 °C) and 1 atm

10.3.1 NiFe,O,

NiFe,O4 spinel is the only ternary compound in the Fe-Ni-O system. The thermodynamics of
NiFe,Oy is relatively well-studied: the experimental data include the cation distribution [40, 153,
212, 214, 256-269], heat content [273, 274], heat capacity [156, 275-279], enthalpy of formation
[233, 236] and Gibbs energy measurements [238, 240, 280, 281].

10.3.1.1 Heat capacity and entropy

The heat capacity of NiFe,O, was measured in both low- and high-temperature regions, as shown in
Figure 10.4.



207

300 N
A
250 <
S.C 200 r
£150 _
. X Bochirol (1951)
= & King (1956)
5.100 -y 4 O Pollack and Atkins (1962)
(@] O Landiya et al. (1966)
A Kamilov et al. (1971)
X El-Sharkawy et al. (1986)
S0 r & o Chachanidze (1990)
4 ¢ Ziemniak et al. (2006)
calculated
O I_l-l 1 1 1 1 1 1
0 400 800 1200 1600
T,K

Figure 10.4: Heat capacity of NiFe,O, spinel: literature data [156, 275-279] and a calculated line

The low-temperature heat capacity of NiFe,O, was measured by calorimetry by several authors:
Pollack and Atkins — from 2 to 5 K (-271 to -268 °C), King [156] — from 54 K to 298.15 K (-219 to
0 °C), and Kamilov et al. [277] — from 78 to 891 K (-195 to 618 °C). Kamilov et al. [277] observed
2 peaks on the heat capacity curve: a peak at the lower temperature was attributed to common
orthorhombic to cubic transition in spinels, at the higher temperature — to magnetic transition.
Contrariwise, King [156] did not observe any low-temperature maximum. X-ray measurement
showed that his sample had a cubic structure in the whole range of temperatures. It is likely that the
sample of King [156] did not undergo the cubic to orthorhombic transition during cooling due to

kinetic reasons. From his low-temperature data, the standard entropy at 298 K was calculated as

Soers = 125.9+0.8 J-mol K™, Later, it was revised by King and Kelley [282] as 131.8 J-mol™K™.

The high-temperature heat capacity of NiFe,O, was determined in several studies: by Bochirol [275]
— from 473 to 973 K (200 to 700 °C) by electrical measurement, EI-Sharkawy et al. [276] — from
400 to 1000 K (127 to 727 °C) from thermal properties, and most recently by Ziemniak et al. [279] —
from 323 to 1473 K (50 to 1200 °C) by a differential scanning calorimetry. Though Bochirol [275],
actually, measured heat content, only heat capacity data were given in his study. Ziemniak et al.
[279] observed a Curie temperature at 858 K (585 °C), El-Sharkawy et al. [276] — at 870 K (597
°C).

The heat content of NiFe,O, was determined using adiabatic calorimetry by Landiya et al. [274]
from 673 to 1272 K (400-999 °C) and Chachanidze [273] — from 400 to 1300 K (127 to 1027 °C),
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who observed ferromagnetic transformation at 855 K. The heat content data are shown in Figure
10.5.
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Figure 10.5: Heat content for NiFe,QO,: literature data [273, 274] and a calculated line

In general, the heat content and heat capacity data are in agreement, except for the data of Bochirol
[275] and El-Sharkawy et al. [276]. Since their data are in disagreement with other heat content and

heat capacity data, including the recent data of Ziemniak et al. [279], they are probably erroneous.

10.3.1.2 Enthalpy

The enthalpy of formation of nickel ferrite NiFe;O4 from oxides NiO and a-Fe,O3 was measured
using high temperature oxide melt solution calorimetry by Navrotsky and Kleppa [233] (in molten
9PbO-3Cd0O-4B,03) and Lilova et al. [236] (in molten 2PbO-B,03) at 970 and 973 K (697 and 700
°C) as -5.1 £ 0.9 (one standard deviation) and -2.8 + 2.6 (two standard deviations) kJ/mol,

correspondingly. The measured values of these authors are in fair agreement.

10.3.1.3 Gibbs energy

The standard Gibbs energy of formation of nickel ferrite NiFe,O,4 from oxides NiO and a-Fe,O3 was
studied by employing the EMF technique [238, 240]. Tretyakov and Schmalzried [238] conducted
their experiments in the temperature range 1000-1500 K (727-1227 °C), Rog [240] — in the range
973-1473 K (700-1200 °C). In both studies, NiFe,O4-Fe,O3-Ni assemblage was reported to be
present in the EMF cells. However, this assemblage is not stable in the range of temperatures from
700 to 1227 °C, which is demonstrated in Figure 10.3. So, it is obscure to which equilibrium the
data of Rog [240] and Tretyakov and Schmalzried [238], actually, correspond. Moreover, the slope
of the Gibbs energy curves of these authors (Figure 10.6) is in disagreement with the enthalpy data
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[233, 236]. Consequently, although the data of these authors are in agreement, they were given low

weight in the subsequent optimization.

Trinel-Dufour [281] calculated the standard Gibbs energy of formation of nickel ferrite NiFe;O4
from oxides NiO and a-Fe,O3 from its gas equilibration measurements for spinel-alloy equilibria.

Their data are also shown in Figure 10.6.

Also, the standard Gibbs energy of the formation of NiFe,O, in the following reaction, Ni +
2/3Fe304 + 2/30, = NiFe,O4, was measured by Terayama et al. [280] by the EMF method at 1273 K
(1000 °C) as -120 kJ/mol. However, as in the case of Rog [240] and Tretyakov and Schmalzried

[238], the assemblage is not stable at the given temperature.

Since there were no reliable Gibbs energy data for nickel ferrite NiFe,O4, to fix its Gibbs energy,
phase equilibrium data [21, 283-289] shown in Figure 10.7 and described in detail later in the text

were used.
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Figure 10.6: Gibbs energy of formation of nickel ferrite NiFe,O4 from oxides NiO and a-Fe,Og:
literature data [238, 240] and a calculated line
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equilibria as function of temperature, along with the experimental data [21, 283-289]. The results of

Gries and Kuznetsov are taken from Schneider and Schmalzried [286]

10.3.1.4 Cation distribution

The cation distribution data for the stoichiometric NiFe,O4 spinel are shown in Figure 10.1. The
samples were either slowly cooled or quenched, which is pointed out in the figure; otherwise, no
information was given in the article. The cation arrangement was studied using several techniques:
Massbauer spectroscopy — by Sawatzky et al. [257] in the temperature range 1250-1400 °C,
Kuznetsov et al. [260] at 1100 °C, Seshan et al. [262] at 1302 °C, and Fayek et al. [265] in the range
1000-1200 °C; magnetic measurements — by Roberston and Pointon [153] in the temperature range
1100-1400 °C; from magnetization data — by Kiran et al. [261] at 1050 °C; neutron diffraction — by
Youssef et al. [256] at 1250 °C and Murthy et al. [258] at 1250 °C; X-ray diffraction — by Faller and
Birchenall [259] in the temperature range 910-1015 °C, Ahmad and Abbas [263] at 1300 °C and
Tsukimura et al. [264] at 1030 °C; anomalous X-ray scattering method — by Shinoda et al. [214] at
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500 °C and Sugiyama et al. [267] up to 900 °C; X-ray magnetic circular dichroism — by Pattrick et
al. [266] at 1100 °C; X-ray absorption spectroscopy — by Yao et al. [212] at 1400°C and Henderson
et al. [40] at 1050 °C. Ramalho et al. [268] used both Mdssbauer spectroscopy and X-ray diffraction
methods at 700 and 1100 °C, respectively. Singhal and Chandra [269] used magnetic spectra
additionally to these 2 methods at 1200 °C.

The cation distribution in Ni ferrite solutions FeNixFe,xO4, where x = 0.16, 0.33, 0.52, 0.71 and
0.93, was studied by Saito et al. [270] using X-ray magnetic circular dichroism. Their data are

shown in Figure 10.2.

The majority of cation distribution studies (Figure 10.1) report more than 99% of Ni in octahedral
position. Nevertheless, a group of authors [40, 259, 265, 266] state the lower site occupancy, around
90% of Ni in octahedral position. However, some of their data are less reliable. For instance,
Pattrick et al. [266] used X-ray magnetic circular dichroism — the method, which was not developed
enough to give quantitative results. In the study of Faller and Birchenall [259], X-ray method was
used, which, as it was explained above, gives inexplicit results for Fe and Ni due to their similar
scattering properties. Therefore, these data were not taken into account in the subsequent

optimization.
10.3.2 Phase diagram data

10.3.2.1 Solid-state equilibria

The subsolidus phase equilibria of the Fe—Ni—O system were largely investigated over a wide range
of temperatures and oxygen partial pressures [21, 283-298]. The results of these studies are
demonstrated in Figure 10.7-Figure 10.20. Most of the studies concentrated on phase relations in the
regions where Fe—Ni alloy is in equilibrium with solid oxide phases and where equilibrium oxygen

pressures are low.

The following studies [290, 292, 293, 295] are limited to the wistite-alloy two-phase region. Roeder
and Smeltzer [293] used the dimethyl-glyoxime analytical method to measure the nickel contents of
wistite at 900 and 1000 °C and the EMF method — to determine the corresponding oxygen
pressures. There was no information in the article on the method of measuring the alloy
composition. The composition-oxygen pressure relationship for the wistite-alloy phase field was
further investigated by Gatellier et al. [295] by the EMF method for certain alloy compositions and
Ono et al. [290] — by thermogravimetry and X-ray analysis in the temperature ranges 900-1100 and
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757-1050 °C, respectively. In addition, Ono et al. [299] performed the EMF measurements over the
temperature range 750-1150 °C. Viktorovich et al. [292] measured the distribution of nickel between
the wiustite and alloy phases by means of XRD analysis, reaching the waustite-alloy-spinel
equilibrium. However, the corresponding oxygen pressures were not reported. The wistite-alloy
field expanded with increase in temperature from 700 to 1100 °C in accordance with the rise in the

nickel boundary concentration of the alloy from 65 to 84.5 wt.%.

Popov and Chupharov [288] and Chufarov et al. [289] investigated the spinel-alloy equilibria in the
temperature range 700-900 °C by the reduction of nickel ferrite followed by the XRD analysis and

measuring the partial pressure of H; in the equilibrated H,/H,O gas mixtures.

Another group of authors [285, 287, 291] investigated both the wistite/alloy and spinel/alloy regions
of the system. Davies and Smeltzer [287] used the EMF technique to determine the oxygen
pressures for Fe—Ni alloys in equilibrium with their oxides at 1000 and 1050 °C, and the electron
probe microanalysis — to measure the compositions of the coexisting phases. The oxygen partial
pressure was measured as 5.5-10™* atm for the invariant three-phase field of wistite, spinel and alloy
and 2.5-10™* atm - for spinel, bunsenite and alloy. Further, Dalvi and Sridhar [285] measured the
equilibrium oxygen potentials and compositions in the temperature range of 1065 to 1380 K (792-
1107 °C) by gas equilibration in the CO/CO, gas mixtures, identifying the phases in the quenched
samples by the XRD method and metallography, and analyzing the phases by the EPMA method.
Viktorovich and Lisovskii [291] measured nickel solubility in wistite in the temperature range 900-
1100 °C using the XRD method and chemical analysis. The corresponding oxygen pressures were

not reported.

Schmalzried and Tretjakow [296] measured the oxygen partial pressures of spinel in equilibrium
with coexisting oxides in the temperature range 900-1200 °C by the EMF method for the initial
compositions of spinel.

Zalazinskii et al. [284] studied wistite-alloy, spinel-alloy and spinel-bunsenite equilibria at 1000 °C
by the reduction of nickel ferrite, employing the XRD analysis. No details were given for the

method of measuring oxygen partial pressures.

Katayama et al. [297] studied spinel-hematite equilibria in the temperature range 1200-1350 K (927-
1077 °C), using the EMF technique. The equilibrium compositions of spinel were not measured,

only the initial compositions were given in the article.
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Dalvi and Smeltzer [294] studied the isothermal section of the Fe-Ni—-O system at 1000 °C by
employing the equilibration and quenching technique, measuring the compositions by EPMA. In
addition, X-ray and electron back-scatter pictures were used for phase identification and for
qualitative analysis of the metal compositions in coexisting phases. According to their results,
wistite coexists with Fe—Ni alloys containing up to 79.6 mol % Ni. The three-phase field wistite-
spinel-alloy consists of wistite containing 0.51 mol % Ni, spinel containing 0.6 mol % Ni, and an
alloy containing 79.6 mol % Ni. The other three-phase field, spinel-bunsenite-alloy, consists of
nickel ferrite, bunsenite containing 6.5 mol % Fe and an alloy containing 99.5 mol % Ni. However,
corresponding oxygen partial pressures were not provided. Furthermore, Trinel-Dufour et al. [283]
used CO/CO, gas equilibration for determination of iso-pressure tie-lines at the isothermal section of
the Fe—Ni-O system at 1000 °C; radiocrystallographic technique, the reactions of transport of
oxygen and solid electrolyte technique were used to determine limits of 2-phase equilibrium

domains and compositions of 3 phases in equilibrium.

Schneider and Schmalzried [286] investigated phase equilibria in the Fe-Ni—O system, using the
high temperature in-situ method of coulometric titration, with a solid oxygen ion electrolyte. The
boundaries of the wustite field and the spinel field were determined at 1000-1360 °C. They also
measured the non-stoichiometry & of the Ni-rich monoxide phase (Ni, Fe);-sO in the temperature
range 1173-1303 K (900-1030 °C) and in the log of oxygen potential range -12.4...-0.67 (see Figure
10.12). The experimental curves are starting from arbitrarily chosen reference potentials and

compositions.

The non-stoichiometry of spinel region (see Figure 10.8-Figure 10.11) was investigated by O’Bryan
et al. [300] at 1300 °C for oxygen partial pressures from 10°>° to 1 atm, using thermogravimetry,
metallographic examination and X-ray lattice constant measurements, and by Shafer [301] — at
1400, 1500 and 1600 °C for oxygen partial pressures of 1, 10%’ and 102 atm by means of

thermogravimetry and quenching with microscopic examination and chemical analysis.
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Figure 10.8: Non-stoichiometry of spinel at various oxygen partial pressures at 1300 °C:
experimental isobars of O’Bryan et al. [300] and calculated isobars. Black lines — the calculated
isothermal section at 1 atm total pressure (See notations in Table 10.1)
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Figure 10.9: Non-stoichiometry of spinel at various oxygen partial pressures at 1400 °C:
experimental isobars of Shafer [301] and calculated isobars. Black lines — the calculated isothermal
section at 1 atm total pressure (See notations in Table 10.1)
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Figure 10.10: Non-stoichiometry of spinel at various oxygen partial pressures at 1500 °C:
experimental isobars of Shafer [301] and calculated isobars. Black lines — the calculated isothermal
section at 1 atm total pressure (See notations in Table 10.1)
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Figure 10.11: Non-stoichiometry of spinel at various oxygen partial pressures at 1600 °C:
experimental isobars of Shafer [301] and calculated isobars. Black lines — the calculated isothermal

section at 1 atm (See notations in Table 10.1)

0 . .
-15 -10 -5 0
-0,5 qSchneider and
O, Schmalzried A xFe=0.01, T=1173K
& (1990) A xFe=0.01, T=1223K
X xFe=0.01 A xFe=0.01, T=1273K
LL A xFe=0.01, T=1303K
X -1.5 B xFe=0.06, T=1173K
> @ xFe=0.06, T=1223K
~ 2 O xFe=0.06, T=1273K
k= H xFe=0.06, T=1303K
Q A, ——calculated, T=1173 K
S 25 1 f calculated, T=1223 K
o calculated, T=1273 K
3 AAA —calculated, T=1303 K
é xFe=0.06

-3,5

log,4[P(O,), atm]

Figure 10.12 : Non-stoichiometry & of the Ni-rich monoxide phase (Ni, Fe);-sO in the temperature
range 1173-1303 K (900-1030 °C): literature data of Schneider and Schmalzried [286] and
calculated lines
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The solubility of NiO in a-Fe;O3 in air was examined by Rajendran et al. [298] in the temperature
range 300-1300 °C by XRD. The maximum solubility was found to be 2 mol % at 550 °C.

Recently, phase equilibria in the temperature range between 800 and 1600 °C at low oxygen
pressures up to the partial pressure of oxygen of 0.21 atm in air were studied by Rhamdhani et al.
[21], using the equilibration and quenching techniques followed by the electron-probe X-ray
microanalysis. Two methods of equilibration were used in their study: (a) gas/oxide equilibrated in
open systems at fixed oxygen partial pressures, and (b) oxide/alloy equilibrated in closed systems. In
general, their data are in fair agreement with the results of other investigators, except for the
bunsenite-spinel equilibria. The maximum solubility of iron in bunsenite was found to be 66.2 mol
% metal at 1200 °C, which is significantly higher than that reported by Schneider and Schmalzried
[286]. However, Schneider and Schmalzried [286] used equilibration times of the order of 2 days
(48 hours) for their experiments compared to much longer equilibration times up to 194 hours used
by Rhamdhani et al. [21]. Probably, the true equilibrium conditions were not achieved in the study
of Schneider and Schmalzried [286], especially in the region where largely non-stoichiometric
monoxide phase was involved. Moreover, Schneider and Schmalzried [286] did not provide
microstructures nor detailed microanalysis of the phases in the equilibrated samples, which

prevented further evaluation of the attainment of equilibrium.

The compositions of phases in the three-phase equilibrium between alloy, spinel, and bunsenite at

1000 °C were determined by Rhamdhani et al. [21] as nni= 0.956 (for alloy), nni= 0.253 (for spinel),

and nwni = 0.742 (for bunsenite), where nni = nni/(Nni+nre), which is in good agreement with previous

studies. It should be mentioned that the partial pressures of oxygen for the corresponding three-
phase equilibria were not measured by Rhamdhani et al. [21], but calculated by them using the
earlier version of FactSage software and its databases [1]. As it can be suggested, in this series of
experiments, oxide/alloy were equilibrated in closed systems and only the compositions were
measured in the experiment. The calculated oxygen partial pressures given in the article of
Rhamdhani et al. [21] were used to put three-phase equilibrium data of Rhamdhani et al. [21] on the
Logio[P(O,), atm]-X plots in Figure 10.15-Figure 10.17.

Figure 10.14-Figure 10.17 show that there are some discrepancies in the available data at low oxygen
pressures in the spinel/alloy and wustite/alloy regions, especially from the Ni-rich side. However, the

origin of discrepancies was not clear.
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Figure 10.13: Logio[P(O,), atm]-X phase diagram of the Fe-Ni—-O system at 800 °C: literature data
[21, 285, 288, 299] and calculated lines. See notations in Table 10.1
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Figure 10.14: Logio[P(O,), atm]-X phase diagram of the Fe-Ni-O system at 900 °C: literature data

[21, 285, 287-290, 293, 295, 296, 299] and calculated lines. See notations in Table 10.1
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Figure 10.15: Logio[P(O,), atm]-X phase diagram of the Fe—Ni-O system at 1000 °C: literature data
[21, 283-287, 293, 295, 296, 299] and calculated lines. The results of Gries and Kuznetsov are taken
from Schneider and Schmalzried [286]. See notations in Table 10.1. The partial pressure of oxygen
for the spinel-(NiO-rich) monoxide-alloy equilibrium was estimated by Rhamdhani et al. [21] using

the earlier version of the FactSage software. These data are shown by solid violet circles
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Figure 10.16: Logio[P(O,), atm]-X phase diagram of the Fe—Ni-O system at 1100 °C: literature data
[21, 285, 286, 293, 295, 296] and calculated lines. See notations in Table 10.1. The partial pressure

of oxygen for the spinel-(NiO-rich) monoxide-alloy equilibrium was estimated by Rhamdhani et al.

[21] using the earlier version of the FactSage software. These data are shown by solid violet circles
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Figure 10.17: Logio[P(O2), atm]- X phase diagram of the Fe—Ni—O system at 1200 °C: literature data
[21, 286, 296, 297], experimental results of this study and calculated lines. See notations in Table
10.1. The partial pressure of oxygen for the spinel-(NiO-rich) monoxide-alloy equilibrium was
estimated by Rhamdhani et al. [21] using the earlier version of the FactSage software. These data are

shown by solid violet circles
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Figure 10.20: Distribution of nickel between spinel and alloy in the temperature range 900-1000 °C:

literature data [291] and calculated lines

10.3.2.2 Liquid-state equilibria

The distribution of nickel between liquid slag and metal phases was examined by several authors
[303-306]. Their data are shown in Figure 10.21 and Figure 10.22. Gran’ and Tseidler [303]
investigated it by the oxidation of the metal phase by air, sampling slag and metal followed by
chemical analysis of phases at 1500-1525 °C (no other experimental details), Tsemekhman and
Vaisburd [304] — by the method of equilibrium fusion in an atmosphere of purified argon at 1500-
1600 °C (no other experimental details), von Bohlen Halbach and Leitgebel [305] — by the oxidation
of the metal and thermogravimetry in the temperature range 1500-1750 °C in MgO crucibles
supposing no solubility of MgO in slag, Kuxmann and Koch [306] — by quenching and chemical
analysis at temperatures of 1540, 1600 and 1660 °C in quartz crucibles and at 1540 °C in lime and
corundum crucibles supposing saturation with the crucible material. Since it is not clear from the
latter article, it may be supposed that slag and metal formed easily separated layers, slag turned into
solid phases on quenching and the total composition of iron and nickel in these solid phases was

determined by the chemical analysis.

Tsemekhman and Vaisburd [304] also investigated the Fe'"'/Fe" ratio in the slag as a function of the
composition of the equilibrium metallic phase. It was shown that the concentration of trivalent iron
in slag increased as the nickel content in the metal was raised from 0 to 70 wt.% and then fell
sharply. The maximum content of Fe,Oj3 in the slag was about 36 wt.%. However, Rhamdhani et al.
[21] in their recent paper showed that to date there exists no reliable analytical method to determine
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the Fe"'/Fe" ratio in the phase in the presence of nickel, so the results obtained by Tsemekhman and

Vaisburd [304] are questionable.

Schenck et al. [307] established the ‘FeO’-NiO section of the Fe—Ni—O diagram, shown in Figure
10.23, by means of differential thermal analysis. The experiments were made in the flow of nitrogen
to ensure low oxygen pressures. In such conditions, most of the iron was apparently divalent. The
results of two series of experiments were provided by Schenck et al. [307], one of which was made
at metallic saturation (metal was added to the sample).

Grutzeck and Muan [302] investigated the 0.5°Fe,O3’-NiO section of the Fe-Ni—O diagram in air,
shown in Figure 10.18, by quenching followed by metallographic and polarizing microscopic
techniques, and X-ray diffraction analysis. Spinel and monoxide were the only crystalline phases
present. The temperature at which these two phases coexisted with the liquid phase was determined
as 1665 * 10 °C. The compositions of the liquid, spinel, and monoxide at this invariant temperature
were measured as follows: liquid (26 wt.% NiO, 75 wt.% Fe3Q,), spinel (32 wt.% NiO, 68 wt.%
Fe304) and monoxide (53 wt.% NiO, 47 wt.% Fe;0,).
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Figure 10.21: Distribution of Ni between alloy and slag phases of the Fe—Ni—-O system in the
temperature range 1500-1750 °C: literature data [303-306] and calculated lines
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Figure 10.22: Fe'"'/Fe" ratio in the slag as a function of the composition of the equilibrium metallic

phase: literature data [304] and a calculated line

2000 : . . . - . ~ T
- Schenck et al. {1968}
O heating @ heating, metallic saturation
1800 - & cooling A cooling, metallic saturation i
Slag + liquid metal
160 Slag + Fcc
g";uoo Mono + liquid metal
= 2
= Sp + Mono + Fcc |
E-‘z"o i Mono + Fece iy
)
B 1000 | -
800 |- .
Sp + Mono + Fcc
600 I . !
0 0.2 0.4 0.6 0.8 1
NiO FeO/(FeO+NiO) mole fraction FeO

Figure 10.23: ‘FeO’-NiO section of the Fe—Ni—O system at metal saturation along with the literature
data of Schenck et al. [307]. See notations in Table 10.1
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10.4 Optimization

The parameters of the models described in Section 10.2 were obtained in the following order. First,
the model parameters for monoxide and spinel solutions were optimized to describe available
thermodynamic properties and subsolidus phase equilibria data. Afterwards, the parameters of the

slag phase were optimized using available liquid-state equilibria data.

10.4.1 Spinel

The scheme of optimization of the spinel solution applied in this study was the following. First of
all, the thermodynamic properties of the stoichiometric spinel NiFe,O4 were fixed. All parameters
for Fe3O4 spinel, including magnetic properties, were taken from the study by Decterov et al. [41].

Then, all remaining parameters for the NiFe,O4—Fe30,4 spinel solution were optimized.

The thermodynamic functions of stoichiometric nickel ferrite NiFe,O, were calculated with
consideration of 3 contributions: lattice (mainly vibrational), magnetic and configurational. A
magnetic contribution takes into account the effect of ferromagnetic transformation at 859 K on
thermodynamic functions of nickel ferrite. A configurational contribution to the entropy may be
calculated using Equation (10.6). A configurational contribution to the heat capacity function
originates from heat of changes of the cation distribution between tetrahedral and octahedral

sublattices in NiFe,O4 with temperature (see Figure 10.1).

Figure 10.4 shows the optimized high-temperature heat capacity Cp of cubic stoichiometric NiFe;Os.
As a first approximation, it was assumed that the lattice and magnetic contributions to Cp are
independent of the cation distribution. As can be seen from Figure 10.4, most of the experiments on
the heat capacity of NiFe,O, were made at temperatures below 800 °C, where the cation distribution
is believed to be frozen. As a result, a configurational contribution to Cp was not present in these
measurements. The sum of lattice and magnetic contributions of the heat capacity of the

hypothetical normal spinel (Ni**)"[Fe**]905" was optimized to fit the heat capacity [156, 275-279]

and heat content [273, 274] data. The heat effect of changes in the cation distribution and thus the
configurational part of the Cp came from the optimization of all phase equilibria at high
temperatures involving the spinel phase. The heat capacity curve shown in Figure 10.4 was
calculated at all temperatures taking into account the hypothetical equilibrium cation distribution.
High-temperature data of Ziemniak et al. [279] and Landiya et al. [274] seem to be not far from
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equilibrium distribution, probably because cation distribution of NiFe,O, does not change much

with temperature, as shown in Figure 10.1.

The entropy of cubic NiFe,O4 is constrained by the data shown in Figure 10.7. The entropy of
NiFe,O,4 at 900 °C obtained by the optimization of these high-temperature data is 405 J-mol™*K™,
which is in agreement within 2% with the value of 396.2 J-mol K™ calculated by the integration of
the Cp shown by the solid line in Figure 10.4 from -273.15 to 900 °C, assuming that the residual
entropy at -273.15 °C is the configurational entropy of the completely inverse spinel.

The measured enthalpy of formation of spinel should depend upon the cation distribution between
the sublattices in the studied samples. The degree of inversion for the samples used in the
calorimetric measurements of Navrotsky and Kleppa [233] and Lilova et al. [236] probably
corresponds to a temperature between 700 and 950 °C and hence is very close to inverse spinel. The
enthalpy of cubic NiFe,O, was optimized to fit available enthalpy [233, 236] as well as Gibbs
energy data [238, 240, 280, 281]. The molar enthalpy of formation of stoichiometric spinel NiFe;O4
from oxides NiO and a-Fe,O3 with the equilibrium cation distribution is calculated as -7.48 kJ/mol
at 700 °C, compared to -5.1 + 0.9 kJ/mol (one standard deviation) and -2.8 + 2.6 kJ/mol of
Navrotsky and Kleppa [233] and Lilova et al. [236], correspondingly. The Gibbs energy of
formation of NiFe,O, from oxides NiO and a-Fe;O3 at 1000 °C is then calculated as -27.5 kJ/mol,
which is in between -29.9 kJ/mol of Trinel-Dufour [281] and -23.6 kJ/mol of Rog [240] (see Figure
10.6). The standard Gibbs energy of the formation of NiFe;O, in the following reaction, Ni +
2/3Fe30,4 + 2/30, = NiFe,0y, is calculated at 1000 °C as -177.6 kJ/mol, compared to -120 kJ/mol of

Terayama et al. [280]. The reason for this inconsistency is explained above.

The parameter | was optimized to describe the cation distribution data [40, 153, 212, 214, 256-269]
in Figure 10.1 and Figure 10.2. The calculated lines are believed to be in accordance with the

experimental data within experimental error limits.

The remaining parameters A_.,_., .. and A_ . were optimized to describe the phase diagram

e"Ni*2Fe?
data involving the spinel solution [21, 284-289, 291, 294, 296, 297, 300, 301, 307] and the
experimental results of this study (see Figure 10.7-Figure 10.18, Figure 10.20, Figure 10.23). From
the available phase diagram data, the experimental data obtained in this study and those obtained by
Rhamdhani et al. [21] were given preference in the optimization due to their believed high accuracy,
which is achieved by applying carefully planned equilibration procedures followed by electron

probe X-ray microanalysis.
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The optimized model parameters for the spinel phase are given in Table 10.2.

10.4.2 Monoxide, corundum

The parameters of the monoxide phase were optimized to describe the phase equilibria data
including monoxide [21, 284-287, 290-296, 307] and the experimental results of this study (Figure
10.7-Figure 10.19, Figure 10.23). For the monoxide-spinel equilibria, the results of Rhamdhani et al.
[21] were preferred to the results of Schneider and Schmalzried [286] due to the reasons explained

above. The calculated lines are in good agreement with the experimental results.

The parameters of the corundum solid solution were optimized to describe the solubility limit of
NiO in a-Fe;O3 in air measured by Rajendran et al. [298] shown in Figure 10.18. The optimized

parameters of the monoxide and corundum solutions are given in Table 10.2.

10.4.3 Liquid

The parameters of the Modified Quasichemical Model were optimized to describe the phase
equilibria data [303-306] (Figure 10.18, Figure 10.21, Figure 10.22 and Figure 10.23) and are given

in Table 10.2. The calculated lines are in good agreement with the experimental results.

10.5 Summary of results

Some discrepancies in the literature data for the Fe-Ni—-O system were demonstrated. To help
resolve the conflicts existing in the literature, a new experimental investigation has been carried out
in this study. The compositions of wustite/alloy and spinel/alloy in equilibrium have been measured
at 1200 °C at partial pressures of oxygen logio[P(O2), atm] = -9 and -10. The improved experimental
technique included equilibration and quenching followed by electron probe X-ray microanalysis
(EPMA). The experimental measurements provided additional data for a subsequent thermodynamic
modeling.

A simultaneous optimization of all available data in the Ni-containing system Fe-Ni-O at 1 atm
total pressure has been performed. New experimental data and previously published experimental
results were taken into consideration. The best possible description of thermodynamic properties
data and phase relations has been obtained. The optimized model parameters for oxide phases
reproduce all available data within experimental error limits. A set of self-consistent Gibbs energy

functions of the oxide phases in the Fe—Ni—O system has been derived. By this means, the next part
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of the thermodynamic database for the multi-component Al-Ca—Fe—-Mg-Ni—O-Si chemical system

involved in the process of nickel extraction from the laterite ores was created.
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Table 10.2: Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Fe-Ni-O system (J-mol™

and J-mol™-K™)

Compounds Temperature AH 3 1 Spee.15

range (K)

Ce(T)

The thermodynamic properties of solid and liquid NiO are given in [51]

Fe,O3 (alpha) 298-2500 -825787.0 87.7285

137.0089-2.9076x10°T 2

Slag (liquid oxide phase): FeO-FeO;5—NiO

Z, =137744375, Z_, =1.37744375, Z_, = 2.06616563;

A’ .. =-8368, q° . =-29288;

Ni,Fe*?

2. =-33472.

FeO-FeO; 5 liquid oxide was optimized by Decterov et al. [41];

The Kohler-like extension of binary terms into the ternary system [28] was used.

Monoxide (solid oxide): FeO-FeO;5-NiO

q® ., =—4184, q" ., =29288, q©_, =71571.5-62.7851T.

Ni,Fe*? Ni,Fe*®

FeO-FeO; s monoxide was optimized by Decterov et al. [41];

The Kohler-like extension of binary terms into the ternary system [28] was used.
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Table 10.2 (Continued): Optimized properties of stoichiometric compounds and model parameters for oxide phases in the Fe—Ni-O

system (J-mol™ and J-mol™-K™)

Corundum: FeOy5(NiO)

Gr,,o, (coru) =G, GS,(coru) = GS,, +40584.8.

a-Fe,05

Spinel: (Fe**, Fe**, Ni*")T(Fe®*, Fe**, Ni**Va),°0,

7-F =-1002734.4-1170.1398-T +329.72000-T InT +0.5163500- T * —2.97983x10™° - T —57.92533-T** + 4313.60InT;

Ni*2Fe*3 -

Magnetic properties: T _.._ .. =T =859 K [153],

Ni+2Fe+3

B j2ees =B e,s =6.159, P=0.28;

I =-168615.2;

Ni*2Fe*®

=-75312, Ao =0,

Fe+2Ni+2 Fe+3

All parameters for Fe;O,4 spinel, including magnetic properties, were optimized earlier by Decterov et al. [41].

The Gibbs energy of formation of a compound from elements in their standard state at a temperature of T(K) and a pressure of 1 atm is

given by AG =AH 5,5 — T Sys5 +J';98 15CP(T)dT —TLT% 15CPdeT , Where AHg .. is the enthalpy of formation of the compound at

1 atmand 298.15 K, seo_._ is the entropy of the compound at 1 atm and 298.15 K, and C,(T) is the heat capacity at constant pressure.

298.15
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CHAPTER 11 THERMODYNAMIC OPTIMIZATION AND PREDICTION
OF PHASE EQUILIBRIA IN THE Al-Fe-Ni-O, Al-Mg-Ni-O AND Fe-Mg-
Ni-O SYSTEMS

Equation Chapter (Next) Section 1This chapter is concerned with the optimization of
thermodynamic and phase equilibrium data for the Al-Fe-Ni-O, Al-Mg-Ni-O and Fe-Mg-Ni-O
chemical systems over a wide range of temperatures and oxygen partial pressures. A literature
review for these chemical systems was performed. The literature review and critical analysis of data
was followed by thermodynamic modeling of oxide phases. The Modified Quasichemical Model
(MQM) was used for modeling of the slag phase (liquid oxide phase), the model based on the
Compound Energy Formalism — for the spinel solid solution. The monoxide and corundum solutions
were described using a simple Bragg-Williams model. The parameters of the MQM model were
optimized in case there were available literature data for the slag phase in the corresponding
quaternary systems. The properties of the spinel, monoxide and corundum solutions were predicted
from the model parameters for the corresponding binary and ternary solutions, optimized earlier. The
subsequent comparison with available thermodynamic and phase equilibrium data showed that these
physically meaningful models have rather good ability to predict phase equilibria in multicomponent

systems.

11.1 Background

This part of the study is aimed to optimize the Al-Fe-Ni-O, Al-Mg-Ni-O and Fe-Mg-Ni-O
systems. In order to achieve that, initially, all available literature data were reviewed and analyzed.

11.2 Phases and thermodynamic models

A list of solution phases in the Al-Fe-Ni-O, Al-Mg-Ni-O and Fe—-Mg-Ni-O systems along with

notations used in this study is given in Table 11.1.

Metallic solutions were optimized previously: Al-Ni — by Ansara et al. [194], Fe-Ni — by Dinsdale
and Chart [255], and Al-Fe and Al-Fe-Ni(O) - as part of the FSstel FactSage database of FactSage
software [1]. The properties of the Al-Fe-Ni-O slag phase have been optimized in the present
study. The resulting model parameters are listed in Table 11.2. The properties of solid oxide

solutions and other slags were predicted from the optimized model parameters of the corresponding
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binary and ternary solutions: the Mg—Ni—O system — by Prostakova et al. [51], the AI-Mg-O and Fe-
Mg-O systems — by Jung et al. [42, 43]. For the optimizations of the Al-Fe-O, Al-Ni-O and Fe-
Ni-O systems — see CHAPTER 5, CHAPTER 9 and CHAPTER 10.

For the spinel solution model, cations shown within a set of parentheses occupy the same sublattice.

Table 11.1: Solution phases and stoichiometric compounds in the Al-Fe-Ni-O, Al-Mg-Ni-O and

Fe—-Mg-Ni—O systems

Phase name Formula Notation used
in this study

Solutions :

Slag (liquid AIlO; 5—FeO-FeO15-MgO-NiO L or Liquid

oxide)

Monoxide FeO-MgO-NiO—(FeO; 5-AlOy 5) Mono or
Monoxide

Corundum AlO; 5—FeO; 5— (NiO) Coru or
Corundum

Spinel (A, Fe?", Fe™, Mg®", Ni*" )T (AI*", Fe*", Fe*, Mg?', Ni** Va),*0,” Sp or Spinel

Fcc Al-Fe-Mg—Ni

Bcc A2 Al-Fe-Mg-Ni

Bcc B2 Al-Fe—Ni

AlysFey Al-Fe

AlsFe, Al-Fe

L12-Fcc Al-Fe-Ni

AlINi Al-Ni

Al3Ni; Al-Ni

Liquid metal Al-Fe-Ni-O L metal or

Liquid metal



236
Table 11.1 (Continued): Solution phases and stoichiometric compounds in the Al-Fe-Ni-O, Al-
Mg-Ni-0 and Fe-Mg-Ni-O systems

Stoichiometric

compounds:

AlsFe, AlsFe,
AlgiFes; AlgiFes;
FeAlO; FeAlO;
Al3Ni Al3Ni
Al;Nis AlsNis

*T=tetrahedral sublattice, O=octahedral sublattice
11.2.1 Slag (liquid oxide)

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. In other words, they exhibit almost full first-nearest-neighbour (FNN) short-range ordering
(SRO). Furthermore, there is a strong tendency for SRO of some cations in melts. In particular,
basic cations such as Ca form strong second-nearest-neighbour (SNN) pairs with acidic cations such
as Si. The effects of both FNN and SNN are described by the Modified Quasichemical Model [7, 8].
Though, in the Al,Os—FeO-Fe,03—MgO-NiO system, the second-nearest-neighbour pairs ordering
is apparently not strong, the same model is used in view of developing of a broader database for
calculations in multicomponent systems. The most significant parameter of the MQM maodel is the

Gibbs energy of the corresponding pair exchange reaction:
(m-m) +(n-n) =2(m-n);  Ag,, , (11.1),

where (m-n) represents a second-nearest-neighbour pair. Let n,, and Zy, be the number of moles and
the coordination number of the component m, respectively. The “coordination-equivalent” fractions
(Ym) are then defined as

Yo =Z.n, /> Zn, (11.2)

AQ,, is expanded as a polynomial in the “coordination-equivalent” fractions of the components

Ay, =AGp, + D AR YY) (11.3),

(i+j)=1
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where Ag°® and q are empirical binary coefficients which may be functions of temperature and

pressure. They are optimized to take into account available thermodynamic and phase equilibrium
data.

The binary parameters are then extrapolated into ternary systems. The properties of the FeO-MgO-
NiO and Al,03—Fe,03—NiO slags were calculated using the symmetric “Kohler-like” model [28].
The properties of the Al,03—FeO-NiO, Al,O03-MgO-NiO and Fe,O3~MgO-NiO ternary slags were
calculated from the corresponding binary parameters by means of the asymmetric “Toop-like”
approximation [28], since one component (either Al,O3 or Fe,O3) in these systems is chemically
different from others. For the Al,O3—FeO-NiO system, furthermore, an additional ternary model

parameter was introduced to better describe available phase diagram data.

The optimization of the Al,O3-FeO-Fe,03, FeO-Fe,03-NiO and FeO-Fe,03-MgO ternary slags is
described in Sections 8.4.3 and 10.4.3 of the thesis and in the study [42], respectively.

The extension of ternary terms to multicomponent systems is described in [28].

11.2.2 Spinel, monoxide, corundum

The models for these solutions were described in detail earlier in the thesis. The properties of the
Al;03-MgO-NiO and Fe,O3—MgO-NiO monoxide solutions, as in the case of the slag solutions,
were extrapolated from the binary parameters by means of the asymmetric “Toop-like”
approximation [28], with Al,O3 or Fe,O3 as asymmetric components. For the remaining ternary
monoxides, FeO—-MgO-NiO, Al,03-Fe;03—NiO and Al,03;—FeO-NiO, the symmetric “Kohler-like”

model [28] was employed.

The optimization of the Al,03-FeO-Fe,03, FeO-Fe,03-NiO and FeO-Fe,03-MgO ternary monoxide
solutions is described in Sections 8.4.2 and 10.4.2 and in the study [42], respectively.

The properties of the Al,03—FeO-NiO and Al,0O3—Fe,03—NiO corundum solutions were calculated
from the corresponding binary parameters using the symmetric “Kohler-like” model [28].

The extension of ternary terms to multicomponent systems is described in [28].

11.2.3 Other solutions and stoichiometric compounds

Metallic solutions and stoichiometric compounds were optimized previously as part of the following
systems: Al-Ni — by Ansara et al. [194], Fe-Ni — by Dinsdale and Chart [255], and Al-Fe — as part
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of the FSstel FactSage database of FactSage software [1]. The FeAlO3; compound was optimized, as
described in Section 8.4.4.

11.3 Literature review of experimental data

11.3.1 Al-Fe-Ni-O system

Monoxide

Spinel + Monoxide

Sp + Corui + Coru#2

AI 09 08 o7 06 05 04 03 02 01 Fe
mole fraction

Figure 11.1: Ternary Al-Fe—-Ni—O section in air at 1000 °C. See notations in Table 11.1

The projection of phase equilibria in the Al-Fe-Ni-O system in air at 1000 °C onto the Al-Fe—Ni
plane through the oxygen corner is shown in Figure 11.1. The main solid solution phases are spinel,
which is a continuous solid solution between the NiAl,O, and NiFe,O4 spinel end-members,

corundum, and monoxide.

11.3.1.1 Cation distribution in spinel

The cation distribution in the nickel aluminate-ferrite solution NiAlsFe,«O4 is well studied [198,
212, 219, 236, 265, 308-311]. The distribution of nickel, iron and aluminium between the tetrahedral
and octahedral sites of the spinel structure is shown in Figure 11.2-Figure 11.4. The spinel solution
series was studied by: Greenwald et al. [198] at 1400 °C by employing X-ray diffraction, Niziol
[309] - using neutron diffraction and magnetic measurement, Chebotaev et al. [310] at 1250 °C - by
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X-ray diffraction, Bara et al. [219] — by neutron diffraction and Mdssbauer spectroscopy,
Kulshreshtha [311] — using Md&ssbauer spectroscopy, Yao et al. [212] at 1400 °C — by means of
EXAFS analysis, Fayek [265] at 1000-1200 °C - using X-ray diffraction and Mdssbauer
spectroscopy and Lilova et al. [236] at 800 °C — using X-ray absorption near edge structure
(XANES) measurements and Mdssbauer spectroscopy. Most of these studies are in agreement, as
shown in Figure 11.2-Figure 11.4. The results show that the ratio of tetrahedral sites occupied by
Ni?* ions decreases with increasing iron content. The calculated lines for octahedral and tetrahedral
sublattices correspond to 1000 °C. The calculations made at 1300 °C give almost the same results as
for 1000 °C and, therefore, are not shown in the figures for better visibility. The results of Fayek

[265] are also not shown in the figures since they are way out from other results and obviously

erroneous.
1
=z
5\ 08 L ® Greenwald et al. (1954), 1400 °C, cooled
- Greenwald et al. (1954), 1400 °C, quenched
2 = Niziol (1973), neutron diffraction
% Niziol (1973), magnetic measurement, cooled
g06 ¢ Niziol (1973), magnetic measurement, quenched
g ---------- —-——— Chebotaev et al. (1976), 1250 °C, cooled
= 04 L =<4 x Baraetal (1977)
s ' X Kulshreshtha (1986)
c + Yao et al. (1991), 1400 °C, quenched
.g 02 | # Lilovaet al. (2011), 800 °C, quenched
Q ﬁ -+ tetrahedral, 1000 °C
I + ? (] === gctahedral, 1000 °C
0 -t==iy=gg L

0O 02 04 06 08 1
Mole fraction of NiAl,O, in spinel NiAl, Fe, O,

Figure 11.2: Composition dependence of Ni distribution between the tetrahedral and octahedral
sublattices in the NiAlyFe,«O4 spinel: experimental data [198, 212, 219, 236, 265, 309-311] for the

tetrahedral sublattice and calculated lines
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Figure 11.3: Composition dependence of Fe distribution between the tetrahedral and octahedral
sublattices in the NiAlyFe, <Oy spinel: experimental data [198, 212, 219, 236, 265, 308-311] for the
tetrahedral sublattice and calculated lines
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Figure 11.4: Composition dependence of Al distribution between the tetrahedral and octahedral
sublattices in the NiAlsFe,.xO, spinel: experimental data [198, 212, 219, 265, 309-311] for the

tetrahedral sublattice and calculated lines
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11.3.1.2 Enthalpy

Enthalpy of mixing for the solid solutions Ni(FexAl;).04 was investigated by Lilova et al. [236] at
700 °C, using high temperature oxide melt solution calorimetry in molten 2PbO-B,03. Their results

are shown in Figure 11.5.

15

¢ Lilovaetal. (2011)
10 calculated

s
S
S
-
XX
> 5 F
£
R * .
E o0 ¢
S
o
2 5
T
=
c  -10
L
_15 1 1 1 1 1 1 1 1 1
0 0,2 0,4 0,6 0,8 1

x in Ni(Fe,Al,,),0,

Figure 11.5: Enthalpy of mixing for the mixed nickel aluminate-ferrite spinel Ni(FexAl;.x),04 at 700

°C: the experimental data of Lilova et al. [236] and a calculated line

11.3.1.3 Phase equilibria

Iron is generally present in oxide phases in two oxidation states: Fe’* and Fe**, the ratio of which is
dependent on oxygen partial pressure. Phase equilibria in the subsolidus region of the Al-Fe-Ni-O
system were experimentally studied by Rhamdhani et al. [177] in the temperature range of 1200-
1400 °C in air, using equilibration and quenching techniques followed by EPMA. Their tie-lines are
projected onto the Al-Fe—Ni plane through the oxygen corner, as shown in Figure 11.6 (a-c).
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Figure 11.6: Ternary Al-Fe-Ni-O sections in air: (a) 1200 °C; (b) 1300 °C (c) 1400 °C. Solid lines
are calculated phase boundaries, black short-dashed lines are calculated tie-lines, red dashed lines

are tie-lines of Rhamdhani et al. [177]. See notations in Table 11.1

Phase equilibria with the metallic liquid, where oxygen pressure is low, were studied by two sets of
authors [307, 312]. Jacob et al. [312] measured three-phase equilibrium between the liquid Fe—Ni
alloy, spinel and corundum solutions at 1550 °C. The composition of the spinel solid solution was
determined by the EPMA method. The nickel content of the alloy was determined by chemical
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analysis. The corresponding oxygen pressures were measured using the EMF method. Their data are

demonstrated in Figure 11.7 and Figure 11.8.

B Jacob et al. (1988)
calculated, 1550 °C

0,2

Mole fraction Ni/(Fe+Ni) in
spinel

oOm = - B

0 02 .04 06 .08
Mole fraction Ni/(Fe+Ni) in alloy

1

Figure 11.7: Distribution of Ni between alloy and spinel phases in the three-phase equilibrium
between the liquid alloy, spinel and corundum solutions at 1550 °C: the literature data of Jacob et al.
[312] and the calculated line
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Figure 11.8: Oxygen partial pressure for the three-phase equilibrium between the liquid alloy, spinel

and corundum solutions at 1550 °C: the literature data of Jacob et al. [312] and the calculated line

Equilibria between the slag phase and liquid metal at spinel saturation were established by Schenck
et al. [307] in the temperature range 1560-1640 °C by equilibration and quenching techniques. The
oxygen content in metal was determined by means of the vacuum hot extraction, the iron content —

photometrically. The Al, Fe and Ni contents of the slag were determined by X-ray fluorescence
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analysis, the Fe® content — by titration. The data of Schenck et al. [307] are shown in Figure 11.9(a-
¢) and Figure 11.10.

ALO, ALO,
a J

2
0 Schenck et al. {1968)
- Schenck et al. {1968) & spinel saturation o

spinel saturation

NiO s 08 o7 06 05 04 03 ez 01 FeO NiO 08 08 07 06 05 64 03 02 01 FeO

2 Schenck et al. (1968)
spinel sabhuration

Figure 11.9: Ternary Al-Fe—Ni-O sections at metallic saturation along with the literature data of
Schenck et al. [307]: (a) 1560 °C; (b) 1600 °C (c) 1640 °C. See notations in Table 11.1
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Figure 11.10: Distribution of Fe between the slag and alloy phases in equilibrium with spinel in the
temperature range 1560-1640 °C: the literature data of Schenck et al. [307] and calculated lines

11.3.2 Al-Mg-Ni-O system

Magnesium aluminate, MgAl,Q,, exhibits complete solid solubility in nickel aluminate, NiAl,O,, at

high temperatures [204], as shown in Figure 11.11.

Al

Spinel + Monoxide

09 08 oOf 06 05 04 03 02 o0i H
Mg mole fraction Ni

Figure 11.11: Ternary Al-Mg-Ni-O section in air at 1000 °C. See notations in Table 11.1

11.3.2.1 Cation distribution in spinel

The distribution of Ni between the tetrahedral and octahedral sites in the solid NiyMg;.xAl>O4
solutions was studied by Porta et al. [204] and Pepe et al. [205] at 1000 and 1400 °C for quenched
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samples by means of the X-ray analysis, magnetic susceptibility and reflectance spectroscopy. Their
results, shown in Figure 11.12, demonstrate that in solid solutions nickel ions have a preference for
octahedral sublattice and that there is a small change towards a random distribution with increasing
temperature. There were no reports on the cation distribution of Mg or Al in nickel magnesium
aluminate solutions in the literature. The calculated composition dependence of Al and Mg
distribution over the tetrahedral and octahedral sites in the nickel magnesium aluminate spinel
solution NixMg1.xAl;O4 is shown in Figure 11.13 and Figure 11.14.

@ Porta etal. (1974), 1000 °C
O Porta etal. (1974), 1400 °C
0,6 | A  Pepeetal. (1977), 1000 °C
A Pepeetal. (1977), 1400 °C
tetrahedral, 1000 °C
0,4 | tetrahedral, 1400 °C
== = gctahedral, 1000 °C
=== gctahedral, 1400 °C

Fraction of Ni in tetrahedral or
octahedral sites

0 02 04 06 08 1
Xin Ni,Mg,_Al,O, spinel solution

Figure 11.12: Composition dependence of Ni distribution between the tetrahedral and octahedral
sublattices in the nickel magnesium aluminate NixMg:xAl,O4 spinel solution: literature data [204,

205] for the tetrahedral site and calculated lines
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Figure 11.13: Calculated composition dependence of Al distribution between the tetrahedral and

octahedral sublattices in the nickel magnesium aluminate NixMg1.xAl>O4 spinel solution
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Figure 11.14: Calculated composition dependence of Mg distribution between the tetrahedral and

octahedral sublattices in the nickel magnesium aluminate NixMg;.xAl>O4 spinel solution

11.3.2.2 Phase equilibria

The partial pressures of oxygen for the Ni-alloy-spinel-corundum assemblage were studied using the
EMF method by Jacob and Alcock [206] in the temperature range 750-1150 °C and by Kozlowska-
Rog and Rog [313] — in the temperature range 1000-1200 °C. In both studies, CaO-stabilized
zirconia was used as a solid electrolyte. The results of these studies are shown in Figure 11.15.
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Figure 11.15: Partial pressures of oxygen for the Ni-alloy-spinel-corundum equilibrium in the
temperature range 750-1200 °C: experimental data [206, 313] and calculated lines

11.3.3 Mg-Fe—-Ni-O system

11.3.3.1 Cation distribution in spinel

The cation distribution in the NiyMg;«xFe,O4 spinel solutions is well studied [40, 262, 266, 314-
319]. The distribution of nickel, iron and magnesium between the tetrahedral and octahedral sites of
the spinel structure is shown in Figure 11.16-Figure 11.18. It was studied by: Sheshan et al. [319] at
1300 °C using magnetic measurements, Seshan et al. [314] at 1300 °C — by means of magnetization
measurements, Seshan et al. [315] at 1302 °C — by ferromagnetic resonance measurements, Seshan
et al. [262] at 1302 °C — by Mdssbauer spectroscopy, Amer and El Hiti [320] — using X-ray
diffraction and Mdossbauer spectroscopy, Pattrick et al. [266] at 1100 °C — by X-ray magnetic
circular dichroism, Mittal et al. [317] at 1200 °C - by X-ray photoelectron spectroscopy (XPS),
Mittal et al. [318] at 1000 °C — by XPS and Md&ssbauer spectroscopy, and Henderson et al. [40] at
1250 °C — by K-edge x-ray absorption spectroscopy (EXAFS). The samples in all the studies were
either cooled or quenched, which is pointed out in Figure 11.16-Figure 11.18; otherwise, no
information was given by the authors. The results showed the incomplete inversion for all the
compositions of the spinel solution and demonstrated the affinity of Ni and Mg for the octahedral

sites. They are in fair agreement.



249

Seshan et al. (1981), 1300 °C, cooled
Seshan et al. (1981), 1300 °C, quenched
Seshan et al. (1982), 1302 °C, cooled
Seshan et al. (1982), 1302 °C, quenched
Seshan et al. (1983), 1302 °C, cooled
Seshan et al. (1983), 1302 °C, quenched
Amer and El Hiti (2001)
Mittal et al. (2004), 1200 °C, cooled
Mittal et al. (2006), 1000 °C, XPS
Mittal et al. (2006), 1000 °C, Mossbauer
Henderson et al. (2007), 1250 °C s®
- tetrahedral, 800 °C s

tetrahedral, 1300 °C o
=== octahedral, 800 °C o
- == octahedral, 1300 °Ce*

L d

L &

o

o]
—
1 +FXXOL

o
[ep)
T
[} 2

o
~

Fraction of site occupied by Ni
o
o
\

0 0,2 0,4 0,6 0,8 1
Xin Ni,Mg,_Fe,O, spinel
Figure 11.16: Composition dependence of Ni distribution between the tetrahedral and octahedral
sublattices in the nickel-magnesium ferrite Ni\Mg.«Fe2O4 spinel solution: experimental data [40,
262, 314-318] for the tetrahedral sublattice and calculated lines
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Figure 11.17: Composition dependence of Fe distribution between the tetrahedral and octahedral
sublattices in the nickel-magnesium ferrite Ni\Mg.«Fe2O4 spinel solution: experimental data [40,
262, 266, 314-318] for the tetrahedral sublattice and calculated lines
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Figure 11.18: Composition dependence of Mg distribution between the tetrahedral and octahedral
sublattices in the nickel-magnesium ferrite Ni\Mg.«Fe2O4 spinel solution: experimental data [40,
262, 314-319] for the tetrahedral sublattice and calculated lines

11.3.3.2 Phase equilibria

Phase equilibria between the spinel and monoxide solutions in air were studied by: Bashkirov and
Bashkirova [321] in the temperature range 1040-1280 °C by quenching and X-ray analysis, Trinel-
Dufour et al. [322] — at 1000 °C by measurement of cristalline parameters, Rhamdhani et al. [177] -
in the temperature range 1200-1600 °C, using equilibration and quenching techniques followed by
electron-probe X-ray microanalysis. Their data are shown in Figure 11.19. Bashkirov and
Bashkirova [321] measured zero iron content in monoxide, this can explain discrepancy between
their data and the recent results of Rhamdhani et al. [177].

In Figure 11.20, the data of Rhamdhani et al. [177] are projected onto the Fe-Mg-Ni plane.
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Figure 11.19: Distribution of nickel between spinel and monoxide solutions in air in the temperature

range 1000-1600 °C: literature data [177, 321, 322] and calculated lines
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Figure 11.20: Ternary Fe—Mg—Ni-O sections in air: (a) 1200 °C; (b) 1300 °C; (c) 1400 °C; (d) 1500
°C; (e) 1600 °C. Solid lines are calculated phase boundaries, black short-dashed lines are calculated

tie-lines, red dashed lines are tie-lines of Rhamdhani et al. [177]. See notations in Table 11.1

11.4 Optimization

The only parameter optimized was that of the Modified Quasichemical Model, to describe the phase
equilibria data of Schenck et al. [307] for the Al-Fe—Ni-O system (see Table 11.2), shown in Figure
11.9.

The agreement between the calculated and experimental results is believed to be within

experimental error limits.

11.5 Summary of results

The thermodynamic database, combined from the earlier obtained Fe-Ni-O, Al-Ni-O, and Mg-Ni-
O databases, proved to be capable of predicting thermodynamic properties and phase equilibria in
the Al-Fe-Ni-O, AlI-Mg-Ni-O and Fe-Mg-Ni-O chemical systems. The available experimental
data are in good agreement with model predictions. The only optimized model parameter for the
liquid phase reproduces available liquidus data for the Al-Fe-Ni—O system within experimental

error limits.
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Table 11.2 : Optimized model parameters for the liquid phase in the Al-Fe—Ni—O system (J-mol™)

Slag (liquid oxide phase): AlO; s—FeO-FeO;5~MgO-NiO

oot =83680;

qu*Z LAI(NI)

FeO-FeOy 5 liquid oxide was optimized by Decterov et al. [41];

MgO-NiO liquid oxide was optimized by Prostakova et al. [51]; the optimization of the AlO,5-FeO-FeO, 5, AlO;5-NiO, FeO-FeO,5-NiO slags is described in Sections 8.4.3, 9.5.3,
and 10.4.3, respectively;

AlO; 5-MgO and FeO-FeO; s-MgO liquid oxide was optimized by Jung et al. [42, 43];

The properties of the FeO-MgO-NiO and AlO, s—FeO, s—NiO slags were calculated from the corresponding binary parameters using the symmetric “Kohler-like” model [28]. The
properties of the AlO;s—FeO-NiO, AlO;s—MgO-NiO and FeO,s—MgO-NiO ternary slags were calculated by means of the asymmetric “Toop-like” approximation [28], with one
component (either AlO; 5 or FeO; 5) as asymmetric. The extension of ternary terms to multicomponent systems is described in [28].

Monoxide (solid oxide): FeO-MgO-NiO—(FeO; 5—AlO1 5)

FeO-FeO, s monoxide oxide was optimized by Decterov et al. [41];

MgO-NiO monoxide was optimized by Prostakova et al. [51]; the optimization of the AlO,5-FeO-FeO,s5, AlO,5-NiO, and FeO-FeO,5-NiO monoxide solutions is described in
Sections 8.4.2, 9.5.2, and 10.4.2, respectively;

AlO; 5-MgO and FeO-FeO; s-MgO monoxide was optimized by Jung et al. [42, 43];

The properties of the AlO;s—~MgO-NiO and FeO;s—MgO-NiO monoxide solutions were extrapolated from the binary parameters by means of the asymmetric “Toop-like”
approximation [28], with AlO, 5 or FeO, 5 as asymmetric components. For the remaining ternary monoxides, the symmetric “Kohler-like” model [28] was employed. The extension of
ternary terms to multicomponent systems is described in [28].

Corundum: AlO; 5-FeO; 5— (NiO)

The optimization of the AlO, 5-FeOy 5, AlO;5-NiO, and FeO, 5-NiO corundum solutions is described in Sections 8.4.2, 9.5.2, and 10.4.2, respectively.

The properties of the AlO;s—FeO-NiO and AlO,s—FeO,s—NiO corundum solutions were calculated from the corresponding binary parameters using the symmetric “Kohler-like”
model [28].

Spinel: (APF*, Fe?*, Fe**, Mg®*, Ni?")T(AIF* Fe®, Fe**, Mg Ni?* Va),°0,
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M, s = 384928, M, o =M, =—46793.9+33.4720-T;

All parameters for the Fe;O, spinel, including magnetic properties, were optimized by Decterov et al. [41];
Al-Mg and Fe-Mg spinel was optimized by Jung et al. [42, 43];
The optimization of the Al-Fe, Al-Ni and Fe-Ni spinels is described in Sections 8.4.1, 9.5.1, and 10.4.1, respectively.
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CHAPTER 12 THERMODYNAMIC OPTIMIZATION OF THE
Al-Ni-O-Si AND Fe-Ni-O-Si SYSTEMS

Equation Chapter (Next) Section 1This chapter deals with the optimization of thermodynamic
and phase equilibrium data for the Al-Ni—O-Si and Fe—Ni—O-Si chemical systems over a wide
range of conditions. A literature review for these chemical systems was performed. The literature
review and critical analysis of data was followed by thermodynamic modeling of oxide phases. The
Modified Quasichemical Model (MQM) was used for modeling of the slag phase (liquid oxide
phase), the model based on the Compound Energy Formalism — for the olivine and spinel solid
solutions. The monoxide and corundum solutions were described using a simple Bragg-Williams
model. The parameters of the MQM model and the CEF model for olivine were optimized using
available literature data for the slag and olivine phases. Optimized model equations for the
thermodynamic properties of all phases reproduce all available thermodynamic and phase-

equilibrium data within experimental error limits.

12.1 Background

This part of the study is aimed to optimize the AI-Ni—-O-Si and Fe-Ni—O-Si systems. In order to
achieve that, initially, all available literature data were reviewed and analyzed.

Ramirez et al. [323] optimized the Fe—Ni—O-Si system using the structural model for the liquid
phase developed by Lin and Pelton [324], which accounts for two- and three-dimensional silicate

network structure.

12.2 Phases and thermodynamic models

A list of optimized oxide phases in the AI-Ni—O-Si and Fe-Ni—-O-Si systems along with

notations used in this study is given in Table 12.1.

Metallic solutions were optimized previously: Al-Ni — by Ansara et al. [194], Fe-Ni — by
Dinsdale and Chart [255], Al-Si — by Grobner et al. [325], and Fe-Si — by Lacaze and Sundman
[326] and AI-Ni-Si and Fe—Ni-Si — as part of the FSstel FactSage database of FactSage software
[1]. Properties of the AI-Ni-O-Si and Fe-Ni-O-Si liquids as well as Fe-Ni olivine were

optimized using available literature data for the slag and olivine phases. Properties of the rest of
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solutions were predicted from the previously optimized model parameters of the corresponding

binary and ternary solutions: Ni-O-Si — by Prostakova et al. [51], Fe—O-Si — by Hidayat et al.
[327], AI-O-Si — within FToxide FactSage database [1]. For the optimizations of the AI-Ni-O
and Fe-Ni-O systems — see CHAPTER 9 and CHAPTER 10. For the spinel solution model,

cations shown within a set of parentheses occupy the same sublattice.

Table 12.1: Oxide solution phases and stoichiometric compounds in the AI-Ni—O-Si and Fe-Ni—

O-Si systems

Phase name Formula Notation used
in this study

Solutions :

Slag (liquid  AlO; 5—FeO-FeO; 5-NiO-SiO; L or Liquid

oxide)

Monoxide FeO-NiO—(FeO;5-AlO;5) Mono or
Monoxide

Corundum AlO; 5—FeO; 5—(NiO) Coru or
Corundum

Olivine (Fe*, Ni*)"2(Fe*", Ni*)"'Si0, Olivine

Spinel (AP, Fe**, Fe*, Ni*")" (AI*", Fe*", Fe*", Ni** \Va),°0,’ Sp or Spinel

Mullite (AIF"),(AI**, Si)(0, Va), Mullite

Stoichiometric

compounds:

SiO; (Quartz, SiO; Quartz,  trid,

tridymite, crist

cristobalite)

Al,Si, 0y Al,Si, 0y

*T=tetrahedral sublattice, O=octahedral sublattice



259

12.2.1 Slag (liquid oxide)

The liquid oxide phase is an ionic melt where metal cations are always surrounded by oxygen
anions. In other words, they exhibit almost full first-nearest-neighbour (FNN) short-range
ordering (SRO). Furthermore, there is a strong tendency for SRO of some cations in melts. In
particular, basic cations such as Ca form strong second-nearest-neighbour (SNN) pairs with
acidic cations such as Si. The effects of both FNN and SNN are described by the Modified
Quasichemical Model [7, 8]. The most significant parameter of the MQM model is the Gibbs
energy of the corresponding pair exchange reaction:

(m-m)+(n-n) =2(m-n);  Ag, , (12.2),

where (m-n) represents a second-nearest-neighbour pair. Let n,, and Z,, be the number of moles
and the coordination number of the component m, respectively. The “coordination-equivalent”

fractions (Yr,) are then defined as

Yo =20, 1> Zn, (12.2)

Ag,,, is expanded as a polynomial in the “coordination-equivalent” fractions of the components

AGpy =Agp, + D AR Y,Y,! (12.3),

(i+])=1

where Ag° and q” are empirical binary coefficients which may be functions of temperature and

pressure. They are optimized to take into account available thermodynamic and phase
equilibrium data.

The binary parameters are then extrapolated into ternary systems. The properties of the Al,O3—
NiO-SiO,, Fe;,03—-NiO-SiO, and FeO-NiO-SiO, slags were calculated from the corresponding
binary parameters using the asymmetric “Toop-like” model [28], with silica as the asymmetric
component. Furthermore, small additional ternary model parameters for the Al,O3—NiO-SiO, and

FeO-NiO-SiO, slags were introduced to better describe available phase diagram data.

12.2.2 Spinel, Monoxide, Corundum

The models for these solutions were described in detail earlier in the thesis.
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12.2.3 Olivine

The model for Fe-Ni olivine was developed within the framework of the Compound Energy

Formalism.

In natural olivines, M,SiO,4, Fe is a major element, while Ni is a minor component. Cations M
occupy two distinct octahedral sites, called M1 and M2, where M2 sites are larger than M1. Fe®*

and Ni?* cations can occupy both M2 and M1 sites (sublattices) in the olivine structure:
(Fexr, Ni=*)™ (Fe?*, Ni** )" siO, (12.4)

The Gibbs energy of the olivine solution is given by Equation (10.5). According to formula unit
(12.4), the Fe-Ni olivine solution has four end-members, the Gibbs energies of which must be
defined.

The Gibbs energies of two end-members, G, and G, are equal to the Gibbs energies of the
corresponding stoichiometric compounds, Fe,SiO4 and Ni,SiO4, which are stable in the binary

HH e 2+ M2 $2+ ML ..
systems and have the olivine structure. The remaining two end-members, (Fe ) (Nl ) SiO,

o \M2 ML . .
and (N|2+) (Fe2+) SI0,, do not exist as real compounds. Two model parameters were

introduced to define the Gibbs energies of these end-members. The first parameter,
Keoni = Grire —Grani» FEPresents the change in the Gibbs energy when the Fe** and Ni** cations

occupying M2 and M1 sites, respectively, change places. This parameter has a major effect on

the cation distribution between M2 and M1 sites in olivine. The second parameter is the Gibbs

energy of the reciprocal reaction among end-members: A nice = Grere T Gnini = Creni — Cnire -
The constant values of the parameters K., and A,..r Were optimized to reproduce
experimental data on olivine, including its cation distribution. Clearly, G, and G can be

expressed as linear combinations of G, Gyini» Keeni @00 Ao ire

12.2.4 Mullite

Mullite was modeled as a non-stoichiometric compound (AI*"),(AI*", Si)(O, Va), as part of the

FToxide FactSage database [1].



261

12.2.5 Other solutions and stoichiometric compounds

Metallic solutions and stoichiometric compounds were optimized previously as part of the
following systems: Al-Ni — by Ansara et al. [194], Fe-Ni — by Dinsdale and Chart [255], and Al-
Fe — as part of the FSstel FactSage database of FactSage software [1]. The FeAlO3; compound

was optimized, as described in Section 8.4.4.
12.3 Fe-Ni—O-Si system
12.3.1 Literature review

12.3.1.1 Cation distribution in olivine

A continuous range of solid solutions exists between the Ni,SiO4 and Fe,SiO4 end-members of
the olivine solution, as was first reported by Riboud and Muan [328] for the temperature range
1170-1280 °C. The cation distribution in Fe-Ni olivines was studied by several authors:
Annersten et al. [329] at 1000 °C — by means of Mdssbauer spectroscopy for quenched samples,
Ovchinnikov et al. [330] — by Mdssbauer spectroscopy for samples quenched from 800-900 °C,
and Wissmann et al. [331] — by in-situ Mdssbauer study at temperatures up to 1200 °C. A strong
tendency towards ordering of Ni on M1 sites was observed in all studies. However, only
Annersten et al. [329] and Ovchinnikov et al. [330] provided experimental data, which are shown

in Figure 12.1.
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Figure 12.1: Cation distribution in Fe-Ni olivine solution: literature data of Annersten et al. [329]
(quenched from 1000 °C) and Ovchinnikov et al. [330] (quenched from 800-900 °C) and

calculated lines



12.3.1.2 Phase equilibria involving liquid

[1951Schuhmann & Ensio] - Liquicus of Fe
[1952Michdl & Schuhmann] - Liquidus of S0,
[1953Schuhmann et al] - Fully Liquid
[1953Schuhmann et al] - Liquid+Fe0
[1953Schubmann et al] - L+FeO+Fe 0,
[1953Schuhmann et al - L+Fe 0, <
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Figure 12.2 : Isothermal section of the oxide part of the Fe—O-Si system at 1300 °C and P = 1
atm. Black lines — phase boundaries, colored lines — oxygen isobars. The colors of lines
correspond to oxygen partial pressures shown in the legend. Experimental data are from the Fe—
O-Si system [332-338] and extrapolated data are from the Ni—-Fe—O-Si system [339-341].

The solubility of nickel in liquid slag is governed by the reaction

aNiO
aNi(lig) -[P(0,)]"*

. 1 .
Ni (lig) + =0O,= NiO (inslag), AG° = —RTIn
(lig) 50 ( 9) (12.5)

aNiO = y(NiO)- X (NiO)
where AG® is the standard Gibbs energy of the reaction (12.5); aNiO, y(NiO) and X (NiO) are

activity with respect to pure liquid oxide, activity coefficient and mole fraction of NiO in slag,

respectively; aNi(lig) is activity of Ni with respect to pure liquid nickel. In general, ¥(NiO) is a

function of slag composition, but its effect is smaller compared to the effect of AG". The
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thermodynamics of the solubility of NiO in Fe—O-Si slags is complicated by the fact that iron
exhibits two oxidation states. Partial pressure of oxygen will have an effect not only on the

reaction (12.5), but also on the Fe?*/Fe®" ratio in slag, which, in turn, changes »(NiO). The FeO-

Fe,03-SiO; part of the Fe—O-Si phase diagram at 1300 °C along with the oxygen isobars is
shown in Figure 12.2 [327].

According to the Gibbs phase rule, 6 degrees of freedom must be fixed in order to study the Fe—
Ni—O-Si system experimentally. Usually they are: temperature, total pressure of 1 atm, the
presence of the slag phase, fixed partial pressure of oxygen P(O), fixed SiO,/Fe ratio in slag or

silica saturation and the last is either saturation with the Fe-Ni metallic phase or fixed aNi(lig).

Equilibrium of slag with the Fe-Ni metallic phase was studied by Grimsey and Biswas (1977)
[340] at 1300 °C, by Nagamori (1974) [341] — at 1200 °C and 1300 °C, and by Ramirez et al.
(2008) [323] — at 1300 °C and 1400 °C. The SiO,/Fe ratio in slag was set by mixing the iron
oxides (ferrous and ferric) and SiO; in initial slag in certain proportions. In all studies, P(O,) was
controlled by the flow of CO/CO; gas of a certain composition. Slags were equilibrated with the
flow of CO/CO, gas in Ni crucibles, which provided the saturation with the metallic phase.
During the equilibration, some of iron from slag dissolved in the Ni metal. Only in the study of
Grimsey and Biswas [340], this effect was properly taken into account. In addition to the Ni
crucible, they introduced a thin Ni foil in the slag phase and analyzed the compositions of
crucible and foil after attaining the equilibrium. The total content of iron in the crucible was
around 90% of that in the foil, falling from the surface to inside the wall. It was assumed that the
composition of the foil corresponds to the true equilibrium between the slag, metal and gaseous
phases and a pseudo-equilibrium was reached with the surface of the crucible. Crucibles in the
experiments of Nagamori [341] and of Ramirez et al. [323] were not analyzed. After attaining the
equilibrium, samples were quenched. The slag phase was separated and analyzed by conventional
wet chemical techniques for total Ni, total Fe, Fe?* and SiO, content [323, 340]. In the study of
Nagamori [341], the total Fe content was obtained by difference. The results on nickel solubility
as a function of SiO,/Fe ratio in slag are plotted in Figure 12.3 at different P(O,). Authors also
recalculated the results of analysis to the FeO-Fe,O3—NiO-SiO; basis. The FeO/Fe,O3 ratios in

slag are demonstrated in Figure 12.2 as oxygen isobars. For this purpose, slag composition is
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represented in the FeO-Fe,03-Si0O; basis (FeO + Fe,O3 + SiO, = 100%). The results may be

compared with the Ni-free system.

The solubility data of Grimsey and Biswas [340] and of Nagamori [341] at P(O,) = 10™°, 107
and 10°® atm are in reasonable agreement. Ramirez et al. [323] obtained much higher solubilities.
Some of their points were approached from the high NiO content: the slag was prepared with the
excess of NiO (12 wt.%). The idea was that excess NiO will be reduced and will precipitate as
metallic nickel. Apparently, some Ni metal remained suspended in slag, which could result in the
higher measured solubility of NiO in slag. The points that were approached from the zero NiO
content also demonstrated higher Ni solubility comparing to the data of Grimsey and Biswas
[340] and of Nagamori [341]. The possible reason is that the crucible material did not dissolve
enough Fe and the pseudo-equilibrium activity of Ni in the system was higher. As reported by
Grimsey and Biswas [340] at P(O,) = 10™° atm, the equilibrium content of Fe in the metal phase
should be between 25 and 45 wt.%.

There is a large scatter in the Ni solubility data at P(O,) = 107 atm. Our calculations showed that
at this partial pressure of oxygen slag reaches saturation with the Ni,SiO4-Fe,SiO, olivine phase
rather than with the Fe-Ni metal phase. Under these conditions, it is not possible to determine the
Ni solubility in slag using the Ni crucible. Most likely, the experimental results correspond to

some non-equilibrium conditions.
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Figure 12.3. Liquid slag region of the Fe—Ni—O-Si system at 1300 °C and fixed partial pressure
of oxygen. Experimental points [323, 340, 341] correspond to saturation with the Ni-Fe solid

alloy.

Thus, in the Ni-Fe-O-Si system, the maximum solubility of nickel is limited by the saturation
with the solid Ni-Fe alloy. This is not the case, however, for industrial smelting of Ni, where the
liquid metallic Cu-Fe-Ni alloy or Cu,S—-FeS—NiS matte may be in equilibrium with slag. Under

these conditions, more NiO may dissolve in slag. It is necessary to know »(NiO) in the high-

nickel slags. The equilibrium between slag and Cu-Ni alloy was studied by Wang et al. [342], by
Taylor and Jeffes [343] and by Reddy and Acholonu [344]. However, copper itself readily
dissolves in slags and may affect the activity coefficient of NiO. The equilibration with NiS-FeS
mattes has similar problems: sulfur is soluble in slags, while mattes easily form suspensions in

the slag phase. The effects of Cu and S on the solubility of Ni in slag will be discussed elsewhere.

The preferable technique is the equilibration of slag with the liquid Au-Fe-Ni alloy. It is
applicable because the solubility of Au in slag is negligibly small, reportedly below <0.008 wt.%
[345] under the conditions of interest. The system may still be considered to have four

components Fe-Ni-O-Si, but instead of solid metal saturation, activity of liquid Ni is fixed as a



267

last degree of freedom. The assumption is made that P(O,) and SiO, have no effect on the
thermodynamic properties of Au, Fe and Ni in liquid alloys. So, aNi(liq) may be calculated from
the measured composition of the Au-Fe-Ni alloy using appropriate thermodynamic models. The

accuracy of the applied thermodynamic model for liquid alloy is a potential source of error.

The equilibration with the Au-Fe-Ni alloy was used in the experiments of Grimsey and Biswas
(1976) [339] and Wang et al. (1974) [346]. In both studies, one degree of freedom was set by
silica saturation instead of the SiO,/Fe ratio. The silica saturation was reached by conducting the
experiments in SiO, crucibles. The oxygen partial pressure was controlled by the flow of
CO/CO, gas mixture. Slag, alloy and gas phases were equilibrated, quenched and analyzed by
wet chemical conventional methods. The drawback of the study of Wang et al (1974) [346] is that
only the Ni content of the liquid alloy phase was measured. The iron solubility was neglected.
The effect of iron on the activity of Ni in liquid Au-Fe-Ni alloy may be significant at low P(O,),

where, according to Grimsey and Biswas [339], the iron content reaches 15 — 20 mol %.

The results of Grimsey and Biswas [339] and Wang et al. [346] were used to calculate aNiO
according to the reaction (12.5). The standard Gibbs energy of reaction (12.5) was calculated to
be -90.00, -86.59 and -83.19 kJ-mol™ for 1250, 1300 and 1350 °C, respectively. The properties of
NiO (liquid) were obtained previously in this study. The properties of Ni (liquid) were taken from

the FSnobl database of the FactSage software [1]. aNi(lig) from the experimental studies [339,

346] were used. The results are plotted in Figure 12.4.

The experimental data of Grimsey and Biswas [339] and Wang et al [346] are in agreement up to
the activity of NiO of about 0.09. At P(O,) = 107 atm, 1300 °C and above a(NiO) = 0.09, large
discrepancies between the authors are observed, as well as contradiction with a previous trend.
The calculations show that under these conditions the system reaches olivine saturation, so the
experimental points correspond to some non-equilibrium conditions. At P(O,) = 10° atm,
saturation with the spinel phase is predicted at even lower a(NiO).

Grimsey and Biswas [339] noticed that the activities of NiO as a function of wt.% Ni in slag have
different slopes at P(O,) = 10™° atm and at P(O,) = 10°® atm. They pointed out that the activity
coefficient »(NiO) should then be different, which is contradictory to Henry’s law. Grimsey and
Biswas [339] suggested that some of the Ni should dissolve in the form of Ni° rather than Ni**. A

more realistic explanation is that the change in P(O,) causes the variation of the Fe**/Fe** ratio in
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slag. It is natural for y(NiO) to be slightly different if NiO is dissolved in different environment.
The FeO/Fe,03 ratio in slag as measured by Grimsey and Biswas [339] is presented in Figure
12.2. A small difference between the results of Grimsey and Biswas [339] and of Wang et al.
[346] at P(O,) = 107 atm and very low nickel content most probably arises from the fact that

Wang et al. [346] ignored the solubility of iron in liquid metal.

In this study, the properties of the Fe-O-Si slag were taken from the previous optimization [327].

The Fe-Ni-O and Ni-O-Si slags were modeled earlier in this study. The excess model parameters

(in Joules) g™ =-25104 and q™*% =125520 were used for fine adjustment of y(NiO)

Ni,Si(Fe*?) Fe*? Si(Ni)
in the Fe-Ni-O-Si slag. The calculated results are presented in Figure 12.3 and Figure 12.4. The

agreement with the experimental data is very good.
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Figure 12.4. Activity of NiO in Fe-Ni-O-Si slag in equilibrium with Au-Fe-Ni alloys at SiO,
saturation and fixed P(O;). Second and third figures are the magnifications of the first one.

Calculated lines and experimental points [339, 346].

Grutzeck and Muan [302] investigated phase relations in the Fe—Ni—O-Si system in air (P(O;) =
0.21 atm) and at intermediate oxygen partial pressures in CO, atmosphere (P(O,) ~ 10 atm).
Equilibrated samples were quenched into water or cooled in air and analyzed by conventional
metallographic and polarizing microscopic techniques and X-ray diffraction analysis. A few
experimental runs were made in sealed Pt tubes or SiO, capsules in order to determine the
temperature of the liquidus invariant points, where cristobalite, olivine, spinel and monoxide
phases coexist with liquid. In air, only one ternary eutectic point was determined at 1524 °C, with
the following phase compositions: spinel (68 wt.% Fe3O4, 32 wt.% NiO), monoxide (33 wt.%
Fe304, 67 Wt.% NiO), cristobalite (SiOy), liquid (33 wt.% Fe304, 39 wt.% NIO, 28 wt.% SiO,).
All the measured Fe was represented as Fe3O,4. In CO, atmosphere, the ternary liquidus invariant
point, at which spinel, monoxide, cristobalite, and liquid coexist in equilibrium, was lowered to
1433 °C and the composition of monoxide phase was substantially different from that in air: 38
wt.% Fe30q4, 62 wWt.% NiO. However, it is not clear from the article how the compositions of
phases in equilibrium were measured. Probably, they were estimated from the lattice parameters
obtained by XRD.
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The calculated liquidus projection of the Fe3O4—NiO-SiO, system in air is shown in Figure 12.5,
along with the liquidus experimentally determined by Grutzeck and Muan [302]. The eutectic
point is calculated to be at 1517 °C, with the following phase compositions: spinel (49.5 wt.%
Fe304, 50.5 wt.% NiO), monoxide (41.3 wt.% Fe3;04, 58.7 wt.% NiO), cristobalite (SiO,), and
liquid (31.2 wt.% Fe304, 35.6 wt.% NiO, 33.1 wt.% SiO,). The calculated compositions in the
eutectic are different from those measured by Grutzeck and Muan [302], probably due to

experimental error and low accuracy of the method applied to determine phase compositions.

The calculated eutectic temperature in CO, atmosphere is lowered to 1471 °C, with the following
phase compositions: spinel (76.2 wt.% Fe3O4, 23.8 wt.% NiO), monoxide (49.5 wt.% Fe304, 50.5
wt.% NiQ), cristobalite (SiO;), and liquid (41.6 wt.% Fe304, 27.7 wt.% NiO, 30.7 wt.% SiO,).

Temperature-composition diagrams of the Fe-Ni-O-Si system at constant silica contents in air
along with the literature data of Grutzeck and Muan [302] are shown in Figure 12.6-Figure 12.11.
Figure 12.12-Figure 12.17 show similar diagrams at log;oP(O,) = -2.9. This average partial
pressure was chosen to represent the literature data of Grutzeck and Muan [302] in CO,

atmosphere, where oxygen partial pressures mostly varied in the range log;oP(O;) =-2.7...-3.0.
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Figure 12.5 : Liquidus projection of the Fes0,—NiO-SiO, system in air: smoothed literature data

of Grutzeck and Muan [302] and calculated lines. See notations in Table 12.1
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Figure 12.6 : Temperature-composition diagram of the Fe—Ni—O-Si system in air at 1 wt.% of
SiO,. See notations in Table 12.1
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Figure 12.7 : Temperature-composition diagram of the Fe-Ni—O-Si system in air at 5 wt.% of
SiO,. See notations in Table 12.1
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Figure 12.8 : Temperature-composition diagram of the Fe—Ni—O-Si system in air at 10 wt.% of
SiO,. See notations in Table 12.1
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Figure 12.9 : Temperature-composition diagram of the Fe—Ni—O-Si system in air at 19.5 wt.% of
SiO,. See notations in Table 12.1
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Figure 12.10 : Temperature-composition diagram of the Fe—Ni—O-Si system in air at 28 wt.% of
SiO,. See notations in Table 12.1
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Figure 12.11 : Temperature-composition diagram of the Fe—Ni—O-Si system in air at 32.5 wt.%

of silica. See notations in Table 12.1
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Figure 12.12: Temperature-composition diagram of the Fe—Ni—O-Si system at log1oP(O,) = -2.9
and 27.3 wt.% of SiO,. See notations in Table 12.1
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Figure 12.13: Temperature-composition diagram of the Fe—Ni—O-Si system at log1oP(O,) = -2.9
and 31.9 wt.% of SiO,. See notations in Table 12.1



281

2000 ' . ' . ' . ' .
1900 - Grutzeck and Muan (1992) |
| A L + crist ]
= Crist + monoxide + spinel
1800 | -
1700 | -
p Liquid )
2.\1600 | L + Mono + Crist
g
§1500 B L + Crist Mono + Crist |
2‘1 400 |- u _ Mono + Trid |
ﬁ Spinel + Trid Sp + Mono + Crist
1300 - Spinel + Monoxide + Trid .
1200 | =
100+ Spinel + Olivine + Trid l
1000 | SP *+ Coru + Trid . . . . .

0 0.1 | 0.2 0.3 0.4 | 0.5
NiO/(S10,+Fe;0,+NiO) weight fraction

Figure 12.14: Temperature-composition diagram of the Fe-Ni—O-Si system at log;oP(O,) = -2.9
and 33.1 wt.% of SiO,. See notations in Table 12.1
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Figure 12.15: Temperature-composition diagram of the Fe—Ni—O-Si system at log1oP(O,) = -2.9
and 34.2 wt.% of SiO,. See notations in Table 12.1



283

2000

T T T T

Grutzeck and Muan (1992)
1900 + 4 L + crist 7]
O L + crist + monoxide

2
[=

Liquid

3
[=

L + Mono

2
[=]

L + Mono + Crist

L + Crist

2
[=

0
rature, C

Mono + Crist’|

pe

Mono + Trid -

Ten_}
2
[=]

1300 - Spinel + Trid Sp + Mono + Trid

Sp + Olivine + Trid .

| Sp+ Comu + Tlrid

0 0.1 0.2 0.3 0.4 | 05
NiO/(5i0,1+Fe;0,+NiO) weight fraction

Figure 12.16: Temperature-composition diagram of the Fe—Ni—O-Si system at log1oP(O,) = -2.9
and 36.4 wt.% of SiO,. See notations in Table 12.1
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Figure 12.17: Temperature-composition diagram of the Fe—Ni—O-Si system at log1oP(O,) = -2.9
and 54.4 wt.% of SiO,. See notations in Table 12.1

Grutzeck and Muan [94] also investigated phase relations in the Fe—-Ni-O-Si system under
strongly reducing conditions obtained by CO,/CO gas mixtures. Equilibrated samples were
quenched and analyzed by transmitted and reflected light microscopy and X-ray diffraction
analysis. Only one ternary peritectic point was determined at 1571 °C, with the following phase
compositions: olivine (8 wt.% Fe,SiO4, 92 wt.% Ni,SiO,4), monoxide (4.5 wt.% FeO, 95.5 wt.%
NiQ), cristobalite (SiOy), liquid (19 wt.% FeO, 47 wt.% NiO, 34 wt.% SiO,). However, the
corresponding partial pressure of oxygen was not provided. Pyroxene was found to be not stable

in the system.

Partial pressures of oxygen substantially varied unsystematically in the study of Grutzeck and
Muan [94] from logi1oP(O,) = -4 up to -7 and, therefore, their data could not be represented by the
temperature-composition diagrams, similar to those shown above. However, it should be

mentioned that these data are described equally well.



285

12.3.2 Optimization

First, the model parameters for olivine solution were optimized to take into consideration the
literature data on olivine. Then, two parameters of the Modified Quasichemical Model were
optimized to describe the phase equilibria data involving liquid for the Fe—Ni—O-Si system. The

optimized model parameters are given in Table 12.2.

The agreement between the calculated and experimental results is believed to be within
experimental error limits. The disagreement with the experimental results of Grutzeck and Muan
[302] is probably due to low accuracy of the experimental technique used to determine phase

compositions.
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Table 12.2: Optimized model parameters for the Al-Ni-O-Si and Fe—Ni—O-Si system (J-mol™)

Slag (liquid oxide phase): Al,O3-FeO-NiO-SiO,

001

Onisire'zy = —25104
002 _

qu*Z,Si(Ni) =125520

q,(’-)\(l),lsi(Ni) =—-29288;
qg?,il(sn =-25104.

The optimization of the AlO,5-NiO slag is described in Section 9.5.3 of this thesis;
Al,03-SiO, was optimized within FToxide FactSage database [1];
NiO-SiO, and FeO-SiO, liquid oxides were optimized by Prostakova et al. [51] and Hidayat et al. [327], respectively;

The properties of the Al,0s—NiO-SiO,, Fe,0s-NiO-SiO, and FeO-NiO-SiO, slags were calculated from the corresponding binary parameters using the asymmetric “Toop-like”
model [28], with silica as the asymmetric component.

Olivine (orthosilicate solution) (Fe**, Ni?")M*(Fe**, Ni*")M!SiO,

Gyuni = G(Ni,SIO,) [51];

Keeni = GNiFe - GFeNi = 25104,

Aeeni: nire = Grere T Gnini — Greni — Cnire = —9439.2;
G.... = G(Fe,SiO,) is taken from [327].
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12.4 Al-Ni—-O-Si system

12.4.1Literature review

Phase equilibria in the AI-Ni—O-Si system were investigated by Phillips et al. [90]. The Ni,SiO4—
NiAl,O4, NiAI,04~Si0, and NiAl,O4~AlgSioO13 sections of the system were studied by
quenching and direct observational technique. The Ni,SiO4,~NiAl,O, join (see Figure 12.18) was
found to be not binary in the sense that the compositions of crystalline phases could not be
expressed in terms of the chosen components. The NiAl,04,~SiO; and NiAl,O4,—~AlgSizO13
sections shown in Figure 12.19 and Figure 12.20 were measured and the measurements indicate
that this section is quasibinary. Some additional phases shown in brackets occur in small amounts

on the calculated sections due to non-stoichiometry of NiAl,O4 spinel at high temperatures.
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Figure 12.18: The Ni,SiO4—NiAl,O, section of the Al-Ni—O-Si system: literature data of Phillips
et al. [90] and calculated lines. See notations in Table 12.1
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Figure 12.19: The NiAl,04-SiO, section of the AI-Ni—O-Si system: literature data of Phillips et

al. [90] and calculated lines. See notations in Table 12.1
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Figure 12.20: The NiAl,04,~AlgSi»013 section of the AI-Ni—O-Si system: literature data of
Phillips et al. [90] and calculated lines. See notations in Table 12.1

12.4.2 Optimization

The only optimized phase in the AI-Ni—-O-Si system was slag. The optimized model parameters
are given in Table 12.2. The disagreement with the experimental results of Phillips et al. [90] is

believed to be due to low accuracy of the experimental technique applied by these authors.

12.5 Summary of results

A simultaneous optimization of all available data over a wide range of temperatures and oxygen
partial pressures (from air to metallic saturation) in the AlI-Ni—-O-Si and Fe—Ni—O-Si systems
was performed at 1 atm total pressure. Optimized model equations for the thermodynamic
properties of all phases reproduce all available thermodynamic and phase-equilibrium data within

experimental error limits.
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PREDICTION OF PHASE EQUILIBRIAIN THE
Fe-Mg-Ni-O-Si SYSTEM

Using the set of optimized model parameters, predictions of phase equilibria in the Fe-Mg-Ni—

O-Si system were made and the parameters of the models were verified against available

literature data.

The thermodynamic description of the Fe—-Mg—Ni—O-Si chemical system applied in this study

was based on previous optimizations of the Fe-Mg-Ni—O system (see Section 11.3.3), the Fe-
Mg-O-Si system [347], the Fe—Ni—O-Si system (see Section 12.3) and the Mg—-Ni—O-Si system
(see CHAPTER 6).

Table 13.1 : Cation distribution in Fe-Mg-Ni olivine at 1000 °C :

[348] and calculated site occupancies

experimental data of Nord et al.

Sample Overall_ _ Exp. M1site | Exp. M2 site | Calc. M1 site | Calc. M2 site
composition occupancy | occupancy | occupancy occupancy
1 Si 1
Mg 1.14 043 0.71 0.47 0.67
Fe 0.34 |0.12 0.22 0.10 0.24
Ni 0.52 | 0.45 0.07 0.43 0.09
2 Si 1
Mg 1.02 | 0.3 0.72 0.31 0.71
Fe 0.08 | 0.02 0.06 0.02 0.06
Ni 0.9 0.68 0.22 0.67 0.22

Table 13.1 shows the cation distribution in Fe-Mg-Ni olivine at 1000 °C. Nord et al. [348]

measured it by a combination of Mdéssbauer spectroscopy and X-ray diffraction. As can be seen

from the figure, the agreement between the experimental and calculated results is very good.
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CHAPTER 14 PREDICTION OF PHASE EQUILIBRIA IN THE Ca-Fe-Ni-
O AND Ca-Fe-Ni-O-Si SYSTEMS

Using the set of optimized model parameters, predictions of phase equilibria in the Ca—Fe—-Ni-O and
Ca—Fe—Ni-0O-Si systems were performed and the parameters of the models were verified against

available literature data.

14.1 Ca—Fe-Ni-O system

The thermodynamic description of the Ca—Fe—Ni—O system applied in this study was based on
previous optimizations of the Ca—Fe—-O chemical system [349], Fe-Ni-O (see CHAPTER 10) and
Ca—Ni-O systems (see CHAPTER 5). The solubility of Ca in Fe-Ni spinel was modeled in this

study by setting the A_ model parameter, as described in Section 4.6.1, equal to zero.

e+3Ni+ZCa+2

The solubility limit of CaFe,O,4 in NiFe;O4 in air was measured as 20 mol % at 1200 °C by
Yamamura et al. [350] by means of X-ray diffraction and in the range of 15-30 mol % at 1300 °C by
Vasiliu [351] using inductivity and magnetic permeability measurements. Projections of phase
equilibria in the Ca—Fe—Ni-O system through the oxygen corner at 1200 and 1300 °C, along with

these literature data, are shown in Figure 14.1 and Figure 14.2.

Yamamura et al. (1981) :
@ spinel solubility lim it

c a D9 D3 [ g D6 03 _D.d D3 D2 D1 N i
mole fraction

Figure 14.1 : Phase equilibria in the Ca—Fe—Ni—-O system in air at 1200 °C : experimental data of

Yamamura et al. [350] and calculated lines. See notations in Table 4.1
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Figure 14.2 : Phase equilibria in the Ca—Fe-Ni—O system in air at 1300 °C: experimental data of
Vasiliu [351] and calculated lines. See notations in Table 4.1

14.2 Ca—Fe-Ni-O-Si system

The thermodynamic description of the Ca—Fe—-Ni—O-Si system applied in this study was based on
previous optimizations of the Ca—Fe—Ni—O system (see Section 14.1), the Ca—Fe—O-Si system [47],
the Ca—Ni—O-Si system (see Section 7.8.1) and the Fe—Ni—O-Si system (see Section 12.3).

Grimsey and Biswas [340] investigated the tendency of nickel to dissolve in iron silicate slags
containing up to 25 wt.% of CaO and up to 4 wt.% Ni at 1300 °C in equilibrium with Fe-Ni foils and
COI/CO;, gas controlling the oxygen potential in the range of 108-10"° atm. In order to conduct the
experimental study in the Ca—Fe—Ni—O-Si system, 7 degrees of freedom must be set. In addition to
six degrees of freedom listed before for the Fe—Ni—O-Si system, it is preferable to fix the calcia
content in slag. In the experiments of Grimsey and Biswas [340], the calcia content was set by
mixing certain amounts of components in the initial slag before the equilibration. During the
equilibration, the composition of slag changed and wt.% CaO in slag was measured after the
equilibration. The calcia content for different points varied unsystematically. All results were
divided into two groups — those with the CaO/Fe ratio in slag between 0 and 0.3 and those with the
CaOl/Fe ratio in slag between 0.3 and 0.8. They are plotted in Figure 14.3, along with the data for the

Ca-free slag. It may be concluded that the Ni content of Ni-Fe saturated slags falls with the increase
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of the CaO/Fe ratio in slag. Lines in Figure 14.3 were calculated with the fixed ratios CaO/Fe = 0.15

and 0.5. Calculated lines are in agreement with the experimental data.
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Figure 14.3. Liquid slag region of the Ca—Fe—Ni—O-Si system at 1300 °C, fixed partial pressure of
oxygen and fixed CaO/Fe content in slag. Experimental points [323, 340, 341] correspond to
saturation with the Ni-Fe solid alloy. The experimental data for Ca-containing slags [340]

correspond to the ratios CaO/Fe = 0-0.3 and 0.3-0.8.



294

GENERAL DISCUSSION AND CONCLUSIONS

In order to develop a self-consistent multi-component thermodynamic database for nickel
extraction from laterite ores, a large scale research program was undertaken, which naturally
combined experimental investigation and computer-assisted thermodynamic modeling. Chemical
systems relevant to nickel laterite ore processing were experimentally studied and optimized. The
thermodynamic modeling part was performed using the FactSage thermochemical software and
its databases [1] developed in the Centre for Research in Computational Thermochemistry at
Ecole Polytechnique de Montreal, Canada. The experimental program was carried out by our
colleagues from the Pyrometallurgy Research Centre, Brisbane, Australia [2].

The experimental and thermodynamic modeling parts were closely integrated in order to enhance
the effectiveness of the overall program in terms of quantity of the required experimental work
and availability of specific data that are essential for thermodynamic modeling. This was
achieved by applying thermodynamic assessments to identify priorities for experiments and
planning experimental measurements to provide specific data for thermodynamic modeling. This
approach increased the predictive ability of the applied thermodynamic models and enabled the
characterization of phase relations over the wide range of compositions, temperatures and oxygen
partial pressures of direct importance to metallurgical industries.

The whole set of experimental data, including the new experimental results and previously
published data, was taken into consideration in the thermodynamic modeling of oxide phases in
the Al,03-CaO-FeO-Fe;,03-MgO-NiO-SiO, (Al-Ca-Fe-Mg-Ni-O-Si) multi-component
system at a total pressure of 1 atm and a wide range of temperatures and oxygen partial pressures.
All solid and liquid phases of 4 binary, 7 ternary, 5 quaternary and 2 quinary systems of the

multi-component chemical system were optimized in the present study.

The optimizations are self-consistent and consistent with existing FToxid and FSstel metallic
databases of the FactSage software. The applied models are based on the structure of the
corresponding solution. The Modified Quasichemical Model, which takes into consideration
second-nearest-neighbor cation ordering, was used for the slag (molten oxide) phase. The models
based on the Compound Energy Formalism have been developed for the olivine, spinel and
pyroxene solid solutions. A simple random mixing model with a polynomial expansion of the

excess Gibbs energy was used for the monoxide and corundum solid solutions. A set of self-
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consistent Gibbs energy functions was obtained that provides the best possible description of
thermodynamic properties and phase equilibria in the chemical system. The literature data are
reproduced within experimental error limits. Using optimized model parameters, valuable

predictions of phase equilibria in the multicomponent systems have been made.

The detailed conclusions for the optimized systems are summarized as follows:
1. CaO-NiO, MgO-NiO and NiO-SiO, systems (CHAPTER 5)

The binary systems CaO-NiO, MgO-NiO and NiO-SiO, were optimized as well as the
properties of pure solid and liquid NiO. The obtained thermodynamic functions are being used in
optimizations of ternary and higher-order subsystems of the Al-Ca—Cr—Fe—Mg—-Ni—O-Si system.

The approach employed in the present study is characterized by a combination of critical
assessment of experimental data from the literature and thermodynamic modeling with
experimental measurements of phase equilibria at a few selected compositions which, on the one
hand, can be done most accurately and efficiently and, on the other hand, provide the most

important data for thermodynamic modeling.

In particular, the CaO-NiO and MgO-NiO systems were studied by equilibration and quenching
followed by electron probe X-ray microanalysis (EPMA) to resolve the discrepancies in the
experimental data available in the literature. The miscibility gap in the CaO-NiO monoxide solid
solution was measured from 1200 to 1600 °C. The phase equilibria between the MgO-NiO
monoxide solution and Ni were studied at fixed oxygen partial pressures from 107 to 10%° atm
over the temperature range of 1000 to 1300 °C. These new measurements resolved the
discrepancies in the earlier experimental data on phase diagrams, activities and heats of mixing.

The parameters of thermodynamic models for the oxide phases were optimized to reproduce
simultaneously the experimental results from the present study and all thermodynamic and phase
diagram data for the CaO-NiO, MgO-NiO and NiO-SiO; systems from the literature. A set of
self-consistent Gibbs energy functions was obtained that provides the best possible description of
thermodynamic properties and phase equilibria in these systems. All available data are

reproduced within experimental error limits.

2. MgO-NiO-SiO, system (CHAPTER 6)
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The MgO-NiO-SiO, system has been studied by a combination of critical assessment of the
experimental data from the literature, thermodynamic modeling and experimental measurements
of phase equilibria at selected compositions which, on the one hand, can be done most accurately
and efficiently and, on the other hand, provide the most important data for thermodynamic

modeling.

In particular, tie-lines olivine/monoxide, olivine/proto-pyroxene, liquid/olivine and
liquid/cristobalite have been measured to complement the literature data and to resolve some
contradictions. The experimental investigation has been carried out over the temperature range

from 1400 to 1650 °C using an equilibration and quenching technique followed by EPMA.

The parameters of thermodynamic models for the oxide phases were optimized to reproduce
simultaneously the experimental results from the present study and all thermodynamic and phase
diagram data for the MgO-NiO-SiO, system from the literature. A set of self-consistent Gibbs
energy functions was obtained that provides the best possible description of thermodynamic
properties and phase equilibria in this system. All available data are reproduced within

experimental uncertainties.

3. CaO-MgO-NiO-SiO, system and its ternary subsystems CaO-NiO-SiO,
and CaO-MgO-NiO (CHAPTER 7)

The quaternary system CaO-MgO-NiO-SiO, and its ternary NiO-containing subsystems CaO-
NiO-SiO, and CaO-MgO-NiO have been optimized at a total pressure of 1 atm.

Some discrepancies in the literature data for the CaO-NiO-SiO, system have been demonstrated.
To resolve the conflicts in the literature data, new experimental investigation was carried out at
Pyrosearch. The experimental procedure involved equilibration and ultra rapid quenching followed
by electron probe X-ray microanalysis (EPMA) of the quenched samples.

The liquid oxide (slag) — solid oxide tie-lines were measured on the isothermal sections of the
CaO-NiO-SiO, phase diagram at temperatures from 1330 to 1500 °C. The new experimental

data were compared with the previously published results and discrepancies were clarified.

A simultaneous optimization of all available data in the quaternary CaO-MgO-NiO-SiO; system
and its ternary subsystems CaO-NiO-SiO, and CaO-MgO-NiO has been performed. New

experimental data and previously published experimental results were taken into consideration.
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The optimized model parameters for oxide phases reproduce all available data within
experimental error limits. A set of self-consistent Gibbs energy functions of the oxide phases in

the chemical systems was derived.
4. Al-Fe-O system (CHAPTER 8)

A simultaneous optimization of all available data in the system Al-Fe-O at 1 atm total pressure
has been performed. A set of self-consistent Gibbs energy functions of the oxide phases in the
Al-Fe-O system was derived. The description of thermodynamic properties data and phase
relations were obtained. The optimized model parameters for oxide phases reproduce all available

data within experimental error limits.
5. AI-Ni-O system (CHAPTER 9)

Some discrepancies in the literature data for the Al,O3—NiO section of the AI-Ni-O system have
been demonstrated. To help resolve the conflicts existing in the literature, a new experimental
investigation was carried out in this study. The improved experimental technique included
equilibration and quenching followed by electron probe X-ray microanalysis (EPMA). The
Al,03—NiO section of the Al-Ni-O phase diagram has been measured at 1500 and 1600 °C in air.
The solubility of Al,O3 in NiAl,O4 as well as the solubilities of a-Al,O3 and NiO in each other
have been measured. The experimental measurements provided additional data for a subsequent

thermodynamic modeling.

A simultaneous optimization of all available data in the Ni-containing system AI-Ni-O at 1 atm
total pressure was performed. New experimental data and previously published experimental
results were taken into consideration. The best possible description of thermodynamic properties
data and phase relations was obtained. The optimized model parameters for oxide phases
reproduce all available data within experimental error limits. A set of self-consistent Gibbs
energy functions of the oxide phases in the AI-Ni-O system was derived.

6. Fe-Ni-O system (CHAPTER 10)

Some discrepancies in the literature data for the Fe—Ni—O system were demonstrated. To help
resolve the conflicts existing in the literature, a new experimental investigation has been carried
out in this study. The compositions of wustite/alloy and spinel/alloy in equilibrium have been

measured at 1200 °C at partial pressures of oxygen logio[P(O>), atm] = -9 and -10. The improved
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experimental technique included equilibration and quenching followed by electron probe X-ray
microanalysis (EPMA). The experimental measurements provided additional data for a subsequent

thermodynamic modeling.

A simultaneous optimization of all available data in the Ni-containing system Fe-Ni-O at 1 atm
total pressure has been performed. New experimental data and previously published experimental
results were taken into consideration. The best possible description of thermodynamic properties
data and phase relations has been obtained. The optimized model parameters for oxide phases
reproduce all available data within experimental error limits. A set of self-consistent Gibbs

energy functions of the oxide phases in the Fe-Ni—O system has been derived.
7. Al-Fe-Ni-O, AI-Mg-Ni-O and Fe-Mg-Ni-O systems (CHAPTER 11)

The thermodynamic database, combined from the Fe-Ni-O, Al-Ni-O, and Mg-Ni-O databases
obtained earlier, proved to be capable of predicting thermodynamic properties and phase
equilibria in the Al-Fe-Ni-O, AlI-Mg-Ni-O and Fe—-Mg-Ni-O chemical systems. The available
experimental data are in good agreement with model predictions. The only optimized model
parameter for the liquid phase reproduces available liquidus data for the Al-Fe-Ni—O system

within experimental error limits.
8. AI-Ni-O-Si and Fe-Ni-O-Si systems (CHAPTER 12)

A simultaneous optimization of all available data over a wide range of temperatures and oxygen
partial pressures (from air to metallic saturation) in the Al-Ni-O-Si and Fe—Ni—O-Si systems
was performed at 1 atm total pressure. Optimized model equations for the thermodynamic
properties of all phases reproduce all available thermodynamic and phase-equilibrium data within

experimental error limits.
9. Fe-Mg-Ni-O-Si system (CHAPTER 13)

Using the set of optimized model parameters, predictions of phase equilibria in the Fe-Mg-Ni-
O-Si system were made and the parameters of the models were verified against available
literature data.

10.Ca-Fe-Ni-O and Ca-Fe-Ni-O-Si systems (CHAPTER 14)
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Using the set of optimized model parameters, predictions of phase equilibria in the Ca—Fe-Ni-O
and Ca—Fe-Ni—O-Si systems were made and the parameters of the models were verified against

available literature data.
11.Database

The current database has been incorporated into the existing FactSage databases. By this means,
the range of applications of FactSage databases has been expanded and the existing databases
have been updated to describe the most recent and accurate experimental data of interest to

industrial operations.

The obtained database along with software for Gibbs energy minimization allows the prediction
of liquidus and solidus phase equilibria as well as the thermodynamic properties under
conditions, such as range of compositions, temperatures and oxygen partial pressures, which are

most useful for metallurgical operations and engineering practice.

As for future work, Cr and Co could be added to the database, Cr being one of the major
components in laterite ores and Co being one of the impurities in the final product of ore
processing. Also, the database could be extended to sulphide systems and used to calculate

matte/slag/metal equilibria.
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